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Abstract 
 
Gallium Nitride (GaN) has been proven to be a very suitable material for 
advanced power electronics on account of its outstanding material properties. Today, 
researchers are exploring GaN-based high electron mobility transistors (HEMTs) for 
conventional as well as high-end solutions in the range of 600 – 1200 V. However, 
thermal and power density limitations have impeded the achievement of the peak 
operational capability of AlGaN/GaN HEMTs. GaN-on-Diamond technology has 
proven to be a feasible solution to reduce thermal resistance and increase power 
density of AlGaN/GaN HEMTs for RF applications. The work presented in this 
thesis is focused on the realisation of high-voltage GaN-on-Diamond power 
semiconductor devices. This goal was achieved through extensive numerical 
simulations applied to device design, fabrication, and characterisation. The 
fabricated devices include conventional AlGaN/GaN HEMT design in circular and 
linear form with and without field plate engineering. The circular GaN-on-Diamond 
HEMTs with gate width of ~ 430 μm, gate length of 3 μm, gate-to-drain separation 
of 17 μm and source field plate length of 3 μm have shown breakdown voltage of ~ 
1.1 kV. 
In this work a new concept of normally-off optically-controlled AlGaN/GaN-
based power semiconductor device is proposed. A simulation study has been carried 
out in order to explore the DC characteristics, switching characteristics, breakdown 
voltage, and current gain of these novel devices. The typical structure comprises a 20 
nm of undoped Al0.23Ga0.77N barrier layer, a 1.1 μm undoped-GaN buffer layer and a 
p-doped region (to locally deplete the electron channel and ensure a normally-off 
operation). The simulation study shows that the gain and the breakdown voltage of 
the device are highly dependent on the depth of the p-doped region. At a particular 
depth of the p-doped region of 500 nm the gain of the device is 970 (at light intensity 
of 7 W/cm
2
) and the breakdown voltage is ~ 350 V. The rise and fall times of the 
device is found to be 0.4 μsec and 0.3 μsec respectively. The simulation results show 
a significant potential of the proposed structure for high-frequency and high-power 
applications. 
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Chapter 1  
 
Introduction 
The semiconductor industry has been dominated by Silicon (Si) since 1959, 
when the metal-oxide-semiconductor field-effect-transistor (MOSFET) was 
invented. Si’s dominant position can be mainly attributed to low cost and the 
simplicity of growth of a high-quality native oxide on its surface, which facilitated 
the development of complementary metal-oxide-semiconductor (CMOS) process 
that revolutionised the digital world we currently live in. Although Si has been the 
traditional choice of material in the power semiconductor industry, it is a narrow 
band gap semiconductor (band gap energy, EG = 1.1 eV) and that limits its power 
handling capability. Hence the search for potential replacements with superior 
properties continues. The new wide band gap materials which are being extensively 
investigated include gallium nitride (GaN), silicon carbide (SiC), and diamond. 
Since the realisation of the first GaN based transistors in the early to mid-
1990’s [1] they have been widely studied and developed for high-voltage power 
switching as well as for high-frequency high-power applications. GaN has a wide 
band gap (EG = 3.44 eV) which translates into ability to sustain high electric fields 
without material breakdown. Among the other wide band gap materials (SiC and 
diamond), GaN is particularly attractive on account of its ability to create 
heterojunctions with materials of wider band gap such as aluminium nitride (AlN) 
(EG = 6.2 eV) or aluminium gallium nitride (Al0.26Ga0.74N) (EG = 4.09 eV). At the 
interface of this heterojunction, the formation of a highly dense electron channel or a 
2-dimensional-electron-gas (2DEG) with high mobility naturally occurs, due to high 
polarisation inside the semiconductors. The abilities of GaN to form 2DEG and 
support high electric fields can be used to create devices which are able to provide or 
handle high output power and can be operated up to 450 GHz for power amplifier 
applications or as power switches respectively. It is expected that GaN based power 
semiconductor devices with power densities of about 10 times greater than that of 
gallium arsenide (GaAs) [2] will prevail over traditional semiconductors (such as 
GaAs and Si) in high end applications. GaN substrates are expected to have a market 
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size of almost $4 billion in 2020 [3]. Fig. 1.1 shows a prediction of the positioning of 
the current and future device technologies [4]. According to Fig. 1.1, wide band gap 
devices are primarily positioned for high-end applications and GaN devices are 
currently targeted for medium voltage applications (in the 200 – 600 V). GaN 
devices also play a significant role in the optoelectronic sector, particularly as light 
emitting diodes (LEDs). Fig. 1.2 shows a GaN-on-diamond wafer manufactured by 
Element Six [5], one of the fabricated devices during this research as well as 
commercially available devices and examples of targeted applications for GaN-based 
technology. 
 
Figure 1.1: Power device technology positioning with respect on voltage range [4]. 
 
Figure 1.2: GaN-on-Diamond and targeted applications. 
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1.1 Material Properties and Figures of Merit 
The outstanding properties of GaN are very appealing for power electronic 
applications. The comparison between GaN and Si (which has been the main player 
in the field for almost forty years) can provide a clear understanding of why GaN is 
so attractive to the electronics industry. The properties of GaN include [6, 7, 8]: 
 Wide band gap (EG = 3.4 eV for GaN compared to EG = 1.1 eV for Si) 
 High critical electric field ( ~ 330 V/μm for GaN compared to 30 V/μm 
for Si) 
 High saturation velocity and electron mobility (2.5 x 107 cm/s and 900 – 
2000 cm
2/V∙s for GaN compared to 1.0 x 107 cm/s and 1350 cm2/V∙s for 
Si, respectively). 
  These superior properties of GaN translate into the following potential 
benefits of GaN based devices compared to those fabricated using Si: 
1. Better voltage blocking capability. Since the critical electric field of GaN 
is ~ 300 V/μm then theoretically a bias voltage of 300 V could be applied 
across a region with a spacing of 1 μm before avalanche breakdown is 
initiated in the material. However, this theoretical limit for a given drift 
length has not been demonstrated yet in lateral GaN devices, as it’s 
primarily governed by the overall electric field profile in the device, 
under blocking conditions. 
2. Lower on -state losses. The specific on-state resistance of GaN devices is 
expected to be lower by more than two orders of magnitude compared to 
Si based devices, while sustaining the same blocking voltage of 1000 V 
[101], thereby significantly enhancing the efficiency of the devices. 
3. Faster switching frequencies resulting in circuits using GaN HEMTs 
requiring smaller capacitors and inductors and so reducing overall size 
and cost. 
4. Ability to work at higher temperatures with lower losses due to wider 
bandgap and hence significantly lower intrinsic carrier concentration. By 
operating at temperatures beyond 300 °C [9, 10] GaN-based devices can 
reduce the necessity of cooling systems and large heat sinks, however it 
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was also reported that the RF operational lifetime can be reduced due to 
thermal activated degradation at 300 °C (10
4
 hours) [116]. 
Table 1.1 shows the key material parameters of semiconductors for power 
switching applications: EG – bandgap energy of material, ε – relative dielectric 
constant, EC – critical breakdown field, κ – thermal conductivity, μn – mobility of 
electrons, and νsat – saturated electron velocity.  
Table 1.1: Properties of most commonly used semiconductors for high frequency and high power 
electronic applications [6]. 
Parameter Si GaN 4H-SiC Diamond GaAs 
EG (eV) 1.1 3.4 3.3 5.5 1.42 
ε 11.8 9 10 5.5 13.1 
EC 
(MV/cm) 
0.3 3.3 3.0 5.6 0.4 
κ 
(W/cm∙K) 
1.5 1.3 4.5 20 0.43 
μn 
(cm
2 ∙ V-1 ∙ s-1) 
1350 
900 (Bulk) 
2000 (2DEG) 
700 1900 8500 
νsat 
(10
7
 cm/s) 
1.0 2.5 2.0 2.7 1.0 
Band type I D I I D 
 
In order to make an accurate and practical comparison between materials 
shown in Table 1.1, figures of merit (FOM) can be used. FOMs are derived purely 
considering certain key material properties and can be used as benchmarks to 
directly compare different materials in the context of specific electrical 
characteristics. There are four FOMs (Table 1.2) that have been most frequently used 
in the field of power electronics to compare semiconductor materials and are as 
mentioned below:  
1. Johnson’s power handling figure of merit (JFOM) brings together the 
saturated drift velocity and the critical electric field of the material. The 
JFOM provides an indication of the power handling capability of a device at 
high frequencies. The JFOM of GaN is 760 times greater than that of Si (the 
larger number shows its superiority) [6]. 
2. Baliga’s conduction losses figure of merit (BFOM) brings together the 
relative permittivity, mobility and the critical electric field of the material and 
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serves as an indicator of conduction losses in a device. The BFOM of GaN is 
650 times higher than that of Si [6]. 
3. Baliga’s high frequency figure of merit (BHFFOM) is based on mobility of 
the carriers and the critical electric field of the material and serves as an 
indicator of switching losses of a power device.  The BHFFOM of GaN is 
77.8 times higher than that of Si [6]. 
4. Keyes’s thermal performance figure of merit (KFOM) brings together 
thermal conductivity, the saturated drift velocity, and the relative permittivity 
of the material and provides an indication of thermal performance of power 
devices. The KFOM of GaN is 1.6 times higher than that of Si [6]. 
Table 1.2: Figures of merit of frequently used semiconductors for high frequency and high power 
electronic applications [6]. 
FOM Si GaN 4H-SiC Diamond GaAs 
Johnson 
(EC ∙νsat/π)
2 1 760 180 2540 7.1 
Baliga 
ε∙μ∙ 3C   
1 650 130 4110 15.6 
Baliga HF 
μ∙ 2C  
1 77.8 22.9 470 10.8 
Keyes 
κ(νsat/ε)
1/2 1 1.6 4.61 32.1 0.45 
 
1.2 AlGaN/GaN HEMT. Structure and band diagram 
High electron mobility transistors (HEMTs) are the most common lateral 
gallium nitride based electronic devices. They form the primary building blocks for a 
number of high power applications such as power amplifiers and power switches [8]. 
GaN based HEMTs are the type of devices used in this work therefore their structure 
and properties will be described in this section. 
Fig. 1.3 shows a cross-sectional schematic of a typical GaN HEMT. The most 
common ways to grow the material structure are molecular beam epitaxy (MBE) and 
metal organic chemical vapour deposition (MOCVD). As it was indicated in Table 
1.1, the mobility of electrons in bulk GaN is ~ 900 cm
2/ V∙s. By growing 
semiconductor with a wider bandgap (so called barrier layer) on top of bulk GaN, a 
heterojunction with quantum well could be formed. Electrons confined into this 
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quantum well represent a 2-dimensional-electron-gas (2DEG), and their mobility can 
be up to 2000 cm
2/ V∙s [11]. AlxGa1-xN acts as the barrier layer that typically has a 
thickness of about 20 – 30 nm. X in AlxGa1-xN is the percentage of Al in the alloy 
also referred to as the mole fraction and is usually in the range of 20 – 30%. AlN has 
also attracted some attention as barrier on account of high electron density in the 
2DEG (up to ~ 2x10
13 
cm
-2
 can be achieved with only 3 nm of barrier layer  [12]), 
however the potential of AlN has been limited by a number of problems such as high 
Ohmic contact resistances, high leakage currents and surface sensitivity [13]. 
 
Figure 1.3: Illustration of the cross-sectional schematic of a typical GaN-based HEMT. 
 
As shown in Fig. 1.3, GaN-based HEMTs are usually grown on a thick 
substrate of foreign material because of the high cost and difficulty of obtaining 
native GaN substrates. Sapphire, Si, or SiC are the most common choices for the 
substrate. In order to reduce lattice mismatch and difference in the thermal expansion 
coefficients between the GaN epilayers and the foreign substrate an 
intermediate/nucleation layer (or layers) is usually introduced. For instance, if 
sapphire substrate is used for GaN growth then the two step growth method could be 
used to achieve crack-free GaN epitaxial films [117]. Firstly, a thin AlN nucleation 
layer is deposited at low temperature (500 – 600 °C) and then GaN deposited at 
higher temperature (1000 °C). Due to increased temperature, the polycrystalline 
nano-islands will be formed in AlN layer which acts as the nucleation layer for GaN 
growth. If SiC substrate is used for epitaxial growth, then a thin layer of AlN 
(nucleation layer) is usually grown on top of it in order to decrease the lattice 
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mismatch and stress between GaN buffer layer and foreign substrate material. In 
case of Si substrates, an AlN nucleation layer is often grown to avoid the diffusion of 
Ga into Si substrate which is usually followed by several GaN/AlN superlattices. 
These superlattices are introduced to create an additional compressive stress in order 
to counterbalance the tensile strain present in nitrides deposited on silicon. 
In order to increase the effective Schottky barrier height and reduce gate 
leakage current a thin GaN cap layer is usually grown on top of the AlGaN barrier 
layer [14, 15]. The top GaN layer is also deposited to reduce oxidation of the surface 
of AlGaN layer and to improve the formation of electrical contacts [118]. 
The structure shown in Fig. 1.3 requires no impurity doping since 
piezoelectric and spontaneous polarisation of the AlGaN/GaN heterostructure 
provide so-called polarization doping that forms an electron channel of very high 
concentration and mobility. AlGaN/GaN HEMT is typically a three terminal device 
with a Schottky Gate contact, an ohmic Drain contact and an ohmic Source contact. 
Fig. 1.4 illustrates the conduction band diagram of an AlGaN/GaN 
heterojunction, where GaN with its narrower band gap is shown on the right side and 
AlGaN with its comparatively wider band gap on the left. A conduction band offset 
ΔEC, which is formed at AlGaN/GaN heterointerface because of the difference in the 
conduction band energies, leads to formation of a triangular quantum well. This 
quantum well attracts the electrons (because of preferable lower energy) which form 
the 2DEG. 
 
Figure 1.4: Schematic illustration of conduction band diagram of an AlGaN/GaN heterojunction. 
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1.3 GaN devices for high power applications 
Power semiconductor devices (PSDs) are the basis of the power electronics, 
where Si has been the dominant player for decades. First power MOSFETs on 
silicon began appearing in 1976 and became a better alternative to the bipolar 
junction transistors (BJT). These devices had better power handling capability, 
higher switching speed and larger current gain than BJTs. Power MOSFETs started 
to populate our lives by many different applications such as early computer’s power 
supplies, DC-DC converters, fluorescent lights, motor drives, etc. [16]. 
Despite that Si has reached its theoretical limits, research on design and 
fabrication of Si devices is still going on, primarily due to low cost of the material. 
However, the theoretical limits of Si devices include a breakdown field of only 30 
V/μm; Si also suffers from high on-state resistance which leads to high conduction 
losses. Thus, it is evident that much more efficient power devices based on 
alternative superior semiconductor materials would be very desirable. 
GaN based HEMTs have proved that they are legitimate candidates for high 
frequency high power applications. The great potential of these devices is mainly 
based on high switching speeds, lower specific on-state resistance, and high 
breakdown voltages [17]. Therefore, it is obvious that research into design and 
fabrication of effective GaN based devices is of current importance. 
The critical electric field of GaN is ~ 300 V/μm which means that a bias 
voltage of around 300 V could be applied to contacts on GaN with a spacing of only 
1 μm before material breakdown would occur (assuming uniform distribution of the 
electric field between the contacts). However, this is not the case for AlGaN/GaN 
HEMT which has three electrodes (as shown in Fig. 1.3). For such a device when 
high drain voltage is applied, the electric field starts crowding at the drain end of the 
gate. This crowding of electric field can exceed the critical electric field of the 
semiconductor and lead to premature breakdown. This issue is one of the main 
challenges in the development of high power AlGaN/GaN HEMTs for power 
electronics as well as for microwave power amplifier applications. 
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1.4 Aims of the research 
Power density is one of the main figures of merit used to evaluate the 
progress of power electronics. Diamond is the most thermally conductive material 
found in nature, which makes diamond substrates very appealing choice to address 
the heat spreading issues and for the development of AlGaN/GaN HEMTs for high 
power density applications. This work is focused on realisation of high voltage GaN-
on-Diamond power devices. Another, focus of this research is the introduction of the 
new concept of the normally-off optically-controlled AlGaN/GaN-based power 
semiconductor device. The goals of this research could be summarised as follows: 
1. Numerical simulations of AlGaN/GaN HEMTs in order to get an insight 
on the operation and dependence of key electrical characteristics on 
geometrical parameters of the device architecture. 
2. Device design and optimisation for realising high voltage devices (> 1000 
V), process-flow development, device fabrication followed by extensive 
electrical characterisation. 
3. Novel design of optically-controlled enhancement-mode GaN power 
semiconductor devices using detailed numerical simulations. 
1.5 Thesis structure 
As mentioned in the previous section, this thesis will primarily concentrate 
on the realisation of high-voltage GaN-on-Diamond power semiconductor devices 
by means of simulation, device design and optimisation, process-flow development, 
device fabrication, and comprehensive electrical characterisation. This thesis will 
also focus on the development of optically-controlled enhancement-mode GaN 
power semiconductor devices using physically-based simulation. Other aspects 
which can affect performance of GaN devices such as material structure, growth and 
substrates, metal contacts, surface passivation will be also referred and briefly 
discussed. 
The structure of this thesis is as follows: 
Chapter 1 provides an introduction. 
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Chapter 2 will provide an overview of the unique material properties of GaN 
and describe in detail the formation of the 2DEG in an AlGaN/GaN heterostructure, 
which followed by the description of the operation principle of AlGaN/GaN HEMTs 
and main challenges. 
Chapter 3 will provide the details of the numerical simulation of the 
AlGaN/GaN HEMTs relevant for this research. The information obtained from the 
simulation gives insight into the operation of the device, electric field distribution in 
the device without and with field plates at the moment of material breakdown. Based 
on these results a new idea of the non-uniform field plate is introduced. 
Chapter 4 will outline the device design optimized via simulation, process-
flow developed for this work, and device fabrication. 
Chapter 5 will provide comprehensive electrical characterisation of the 
fabricated devices.  
Chapter 6 will provide an overview of photoconductive power semiconductor 
devices and introduce a new concept of the normally-off optically-controlled 
AlGaN/GaN-based PSD via simulation study. 
Chapter 7 will give conclusion of this thesis along with the future work 
which could be carried out. 
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Chapter 2  
 
Properties of GaN and AlGaN/GaN heterostructure 
2.1 Introduction 
This chapter will provide a comprehensive overview of the main physical 
properties of III-nitrides, AlGaN/GaN heterostructures along with the operating 
principle of AlGaN/GaN HEMTs. Firstly, the strong polarisation fields which are 
present in GaN and GaN based heterostructures will be outlined and then followed 
by a description of the way the 2-dimesional electron gas (2DEG) is formed. Metal 
contacts, operation principle of AlGaN/GaN HEMTs along with breakdown 
mechanism will then be covered. To conclude the chapter the growth of III-nitrides 
and the various substrates most commonly utilized for their growth will be 
described. 
2.2 Physical properties of GaN 
III-nitride materials (as well as SiC and diamond) fall into the category of 
wide band gap semiconductors which also have smaller bond length between their 
atoms in comparison with GaAs and Si. The small bond length translates into strong 
bonding energy between the constituent atoms resulting in highly stable and inert 
materials. Fig. 2.1 shows the correlation between the band gap and bond length 
energy of different semiconductors. It can be seen that III-nitrides as well as other 
wide band gap materials (SiC and diamond) are positioned in a different domain in 
comparison with GaAs and Si. 
GaN and other III-nitrides can take different crystal forms: Wurtzite, 
Zincblende or rock-salt [18, 19]. Wurtzite is the most commonly used structure 
because it is more stable and easier to grow [18]. The vast majority of GaN based 
devices are grown on Wurtzite structure and only Wurtzite GaN will be further 
discussed. 
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Figure 2.1: Correlation between the anion-cation bond length and band gap energy for most 
commonly used semiconductor materials [6]. 
 
The hexagonal unit cell of Wurtzite structure is defined by two lattice 
parameters a (the edge length of the basal hexagon) and c (the height of the 
hexagonal unit cell), and the internal parameter u (anion-cation bond length b 
divided by c) as shown in Fig. 2.2 [20]. The Wurtzite structure of GaN (as well as 
other III-nitrides) lack an inversion plane perpendicular to the c-axis, for this reason 
GaN can exist in two different polarities, Ga-face (grown in the [0001]  direction) or 
N-face (grown in the [0001 ] direction) [11]. The distinction between these two 
polarities is very important since they have different implications for the polarity of 
the polarization charge and can affect device processing and performance. In 
general, the crystal with Ga-polarity is more chemically stable and robust than the 
one with N-polarity [18]. Due to the hardness of Ga-polar GaN its etching rate is 
much smaller than the etching rate of N-polar GaN at the same conditions [18]. Even 
though the devices based on N-polar GaN have been investigated and shown good 
performance [21], the vast majority of electronics research is focused on Ga-polar 
GaN. Throughout the course of this work only the Ga-polar materials have been 
used. 
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Figure 2.2: Illustration of the hexagonal Wurtzite structure for GaN with (a) N-polar face and (b) Ga-
polar face. 
 
2.3 Polarisation in AlGaN/GaN and 2DEG formation 
As described in Section 1.3, an electron channel with very high carrier 
density called a two-dimensional electron gas (2DEG) could be formed at the 
AlGaN/GaN heterointerface. In order to understand the origin of electrons which 
form the 2DEG, it is useful to have a closer look at the phenomenon of polarisation 
in GaN and AlGaN/GaN heterostructures. 
2.3.1 Polarisation 
All semiconductors with a non-centrosymmetric crystal structure exhibit 
polarisation-related effects [119]. 
Spontaneous polarisation occurs in a material when a polarisation dipole 
exists in each unit cell of the relaxed material in its equilibrium state. In wurtzite 
structure, this happens both because of a lack inversion symmetry in the crystal and a 
deflection in lattice parameters c and a from their ideal ration (i.e., c/a = (8/3)
1/2
). 
The deflection from the ideal ratio leads to a net displacement between anion and 
cation placement within the unit cell and creats a dipole [119]. The Wurtzite GaN 
crystal (as well as AlGaN) can benefit from spontaneous polarisation PSP without 
application of any external electric fields along the c-axis and oriented parallel to the 
[0001] direction. 
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Within a bulk crystal, polarisation does not induce a net negative or positive 
charge since the charge imbalance from each dipole is cancelled by adjacent dipoles. 
However, there is bound polarisation charge at the interfaces or surfaces of a crystal 
due to the change in spontaneous polarisation density [119]. 
Piezoelectricity is an electromechanical phenomenon in which an electric 
dipole is generated by an external mechanical stress [120]. When a relatively thin 
AlGaN layer (usually 20 – 30 nm) is grown on top of bulk GaN the mismatch 
between their lattice structures brings in tensile strain which leads to piezoelectric 
polarization PPE in the AlGaN barrier layer, while the GaN buffer layer is fully 
relaxed on account of its relatively high thickness (usually 1 – 3 μm) and hence does 
not have any piezoelectric polarisation. The piezoelectric polarisation can be defined 
by [11]: 
PPE = e33εz + e31(εx + εy),                                       (2.1) 
where εz = (c – c0)/c0 is the strain along the c-axis, εx = εy = (a – a0)/a0 is the in-plane 
strain, a0 and c0 are the equilibrium values of the lattice parameters. 
The relation between the lattice constants of the hexagonal GaN is given by 
[11]: 
0 13 0
0 33 0
2 ,
 
 
c c C a a
c C a
                                        (2.2) 
where C13 and C33 are elastic constants. Using Eqs. (2.1) and (2.2), the amount of the 
piezoelectric polarisation in the direction of the c-axis can be calculated by [11]: 
0 13
PE 31 33
0 33
P 2 ,
 
  
 
a a C
e e
a C
                                  (2.3) 
It has been shown that [e31 – e33(C13/C33)] for AlGaN over the whole range of 
compositions, the piezoelectric polarisation is positive for compressive and negative 
for tensile strained barriers, respectively [11]. Fig 2.3 shows Ga-polar AlGaN/GaN 
heterostructure with the indicated directions of the piezoelectric and spontaneous 
polarization. The spontaneous polarisation PSP of AlGaN is greater than that of GaN 
because the asymmetry of the crystal increases with Al concentration, which leads to 
an increase in the values of the polarization constants [22]. The spontaneous 
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polarisation for AlN and GaN was found to be negative [11], meaning that for 
Al(Ga)-face heterostructures the spontaneous polarisation is pointing towards the 
substrate (Fig. 2.3). 
 
Figure 2.3: Schematic structure of a Ga-face AlGaN/GaN heterostructure with indicated polarization 
induced charges and directions of piezoelectric and spontaneous polarisation [11]. 
 
The linear interpolations between the physical properties of AlN and GaN to 
calculate the amount of the polarisation induced sheet charge density   at the 
AlGaN/GaN interface in dependence of the Al-content x of the AlXGa1-XN are given 
by [11]: 
Lattice constant:                a(x) = (-0.077x + 3.189) 10
-10
  m, 
Elastic constants:              C13(x) = (5x + 103)  GPa, 
                                          C33(x) = (-32x + 405)  GPa, 
Piezoelectric constants:      e31(x) = ( – 0.11x – 0.49)  C/m
2
, 
                                           e33(x) = (0.73x + 0.73)  C/m
2
, 
Spontaneous polarisation: PSP(x) = ( – 0.052x – 0.029)  C/m
2
,               (2.4) 
As shown in Fig. 2.3, a positive sheet charge is induced at the AlGaN/GaN 
heterointerface by the resulting polarisation. This positive charge will draw free 
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negative charge carriers (in order to be compensated) which form the 2DEG with 
electron concentration nS. The charge density induced by polarization using Eqs. 
(2.3) and (2.4) can be calculated by [11]: 
x 1 x
SP x 1 x PE x 1 x SP
13
31 33 SP SP
33
( ) P(Al Ga N) P(GaN)
P (Al Ga N) P (Al Ga N) P (GaN)
( )(0) - ( )
2 ( ) - ( ) P ( ) P (0)
( ) ( )

 
   
   
 
   
 
x
C xa a x
e x e x x
a x C x
                  (2.5) 
For the N-face heterostructure, the sign of the polarisation induced sheet 
charge is negative for the AlGaN/GaN and positive for the GaN/AlGaN interface. 
For a Ga-face heterostructure, the amount of the sheet charge density remains the 
same, but the positive sheet charge causing a 2DEG is located at AlGaN/GaN 
interface [11]. 
2.3.2 Formation of the 2DEG 
As mentioned in previous section, free electrons tend to compensate the 
positive polarisation induced sheet charge at the AlGaN/GaN interface. The 
maximum sheet carrier concentration located at these interfaces of the nominally 
undoped structures is given by [11]:  
0
S B F C2
(x)(x)
n (x) [q (x) E (x) E (x)],
e de
   
     
 
                    (2.6) 
where (x)  is the relative dielectric constant of the AlXGa1–XN barrier layer, d  is the 
thickness of this layer, Bq  is the height of Schottky barrier of the gate electrode, 
CE  is the offset of the conduction band at the interface of AlGaN/GaN 
heterostructure, and FE  is the Fermi level (these components could be seen in Fig. 
1.4). One of the dominant components of the Eq (2.6) is the polarization induced 
sheet charge. The Al-content of the AlGaN barrier layer has a direct impact on this 
charge, so that if the percentage of Al is increased the polarization charge will be 
increased and therefore the concentration of electrons can be increased [11]. 
However, if the percentage of Al in the AlGaN barrier layer is more than 0.4, then 
the 2DEG mobility will be limited by increased structural defect density and a rough 
surface because of the increased thermal expansion coefficient mismatch and lattice 
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mismatch between AlGaN and GaN layers [11]. On the other hand, if x < 0.15, then 
the sheet carrier concentration starts to suffer from bad confinement due to decreased 
conduction band offset. Another important component of the Eq (2.6) is the 
thickness of the AlGaN barrier layer. So that by increasing the barrier thickness 
(above the critical thickness tCR) the sheet carrier concentration can be increased, for 
a given Al-mole fraction. However, if the barrier thickness is too large, then the 
carrier density will drop due to strain relaxation [23]. For the above reasons, the 
typical barrier thickness is maintained between 20 – 30 nm with an Al-concentration 
of 20 – 25 %. 
It has to be noted that the given description of the polarisation is for undoped 
materials and the 2DEG formation is happening without any impurity doping. The 
benefit of this is that electron mobility is not affected by the presence of ionised 
impurities. 
The formation of 2DEG occurs without application of any external fields 
which means that large current can flow between source and drain at zero gate bias 
in AlGaN/GaN HEMTs. In order to switch off the device a negative voltage has to 
be applied to the gate electrode. Such devices are called normally-on (or depletion 
mode) transistors in contrast to the normally-off (or enhancement mode) transistors 
which are switched off at zero gate bias and require a positive (above zero) gate 
voltage in order to be switched on. Enhancement mode AlGaN/GaN HEMTs are 
preferred for power electronics since they are fail safe (i.e. in case of a malfunction 
of the control circuit, there would be no current path between ground and DC supply, 
whereas with a normally-on device there would be a short circuit between them) and 
their use can simplify the circuit design [25]. For this reason, normally-off transistors 
have been extensively studied and developed. The normally-on transistors are 
commonly used for RF applications. 
Chapter 6 will provide a new concept for normally-off optically controlled 
AlGaN/GaN-based power transistor. 
2.4 Metal contacts of the GaN-based HEMTs 
GaN-based HEMTs have two types of contact, namely ohmic (source and 
drain) and Schottky (gate). Ohmic contacts have non-rectifying linear behaviour in 
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contrast to rectifying, non-linear Schottky contacts. Both Schottky and achieving 
good ohmic contacts are critical for enhancing device performance, functionality and 
reliability. 
2.4.1 Ohmic contacts 
The main purpose of the ohmic contacts is to form a low-resistance junction 
between metal electrode and semiconductor material in order to maximise the 
current flow and minimise the on-state resistance of the devices. Typically, to form 
ohmic contacts for AlGaN/GaN HEMTs, a four-layer metal stack is used which 
consist of titanium (Ti), aluminium (Al), nickel (Ni) and gold (Au). In this work, the 
thickness of these metal layers have been 20 nm of Ti, 100 nm of Al, 45 nm of Ni 
and 55 nm of Au. In order to make the pads of the devices more robust for probing, 
their additional metallization with Ti/Au (20/480 nm) has been carried out. The 
metals are deposited by a thermal evaporator and subsequently annealed at 800 °C 
for 1 min in N2 ambient (using the Mattson RTA System) in order to get a low 
resistance contact. Each metal in this 4 layer stack plays a specific role in order to 
form the final ohmic contact after annealing, and they are as follows: 
 Titanium ensures mechanical stability as well as good adhesion to the 
semiconductor material. After annealing, Ti extracts nitrogen N out of the 
GaN and leads to formation of a TiN interfacial layer. The vacancies left 
behind after N extraction, create high density of donor states close to the 
interface which form a tunnel junction. Furthermore, the TiN layer provides 
thermal stability to the contact [26]. 
 Aluminium reacts with Ti to form Al3Ti layer which prevents oxidation of 
Ti. Al also improves the contact resistance by creating N vacancies (donor 
states beneath contact) after reaction with GaN [26]. 
 Nickel serves as a blocking layer which prevents mutual penetration of the 
top lying Au layer and the Al layer and formation of the highly resistive alloy 
known as ‘purple plague’ [27]. 
 Gold improves conductivity of the contact and prevents oxidation. 
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2.4.2 Schottky gate 
In a typical AlGaN/GaN HEMT, the current flow between the ohmic drain 
and source contacts is controlled using a Schottky metal gate (Fig. 1.3). The 
Schottky contact is a rectifying junction between metal and semiconductor material. 
In order to obtain an effective Schottky gate contact the following properties are 
required: 
 Good adhesion of the metal gate to semiconductor material 
 High Schottky barrier height in order to reduce the leakage currents 
 Mechanical and thermal stability during high-voltage operation 
Various kinds of metals such as Ti, Pt, and Ni have been used to form the 
Schottky gate of AlGaN/GaN HEMTs so as to investigate the performance of the 
aforementioned attributes [28]. Among them, Ni/Au metallization scheme is now 
most commonly used to manufacture the Schottky contacts in GaN-HEMTs due to 
good adhesion properties and high work function of Ni, while the gold layer prevents 
oxidation and improves conductivity of the contact. The metal stack used in this 
work consists of 20 nm of Ni and 200 nm of Au. In order to make the pads of the 
devices more robust for probing, their additional metallization with Ti/Au (20/480 
nm) has been carried out. 
2.5 AlGaN/GaN HEMTs 
This section will provide a detailed explanation of the operating principle of 
AlGaN/GaN HEMTs. 
2.5.1 Operating principle 
The main applications of AlGaN/GaN HEMTs are in power switching and 
high-frequency signal amplification. Fig. 2.4 shows schematic output current-voltage 
characteristics of an AlGaN/GaN HEMT. The most frequently used configuration to 
bias a GaN-HEMT is common source (as shown in the inset of Fig. 2.4). 
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Figure 2.4: Schematic illustration of current-voltage characteristics of a GaN-based HEMT. Inset: 
common source configuration. 
 
The input electrode is the Schottky gate, the output electrode is the drain 
whilst the source is the common terminal. The device is controlled by the gate’s 
input signal which can switch the device between on and off-states. A normally-on 
device requires a negative voltage to be applied to the gate in order to deplete the 
electron channel and disrupt the current flow. The charge carrier concentration in the 
channel of GaN-based HEMT with application of gate bias voltage is given by [29]: 
S GS THn (V V )
q(d d)

 

                                       (2.7) 
where d  is the thickness of the AlGaN layer,   is the dielectric constant of the 
AlGaN layer, d  is the distance from the heterointerface to the location of the 
2DEG peak density, THV  is the threshold voltage (i.e. minimum value of negative 
gate voltage at which the device current will start to flow), and GSV  is the gate 
voltage. When GS THV V , the Eq. (2.7) will be equal to zero meaning that there are 
no electrons in the channel and the device is switched off. If GSV 0 , then the 
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channel will be naturally populated with electrons due to polarisation phenomena 
and the current will flow between the drain and source when a drain bias is applied. 
When drain electrode of the GaN-based HEMT is biased at a low voltage (i.e. 
D GS THV V V  ), it is said to be operating in a linear region, where the electron 
velocity in the channel is linearly related to the applied electric field and hence the 
drain current will linearly increase with this field. The drain current in the linear 
region of a GaN-based HEMT is given by [30]: 
DS S GI qn W                                                              (2.8) 
where   is the electron drift velocity in the channel and GW  is the width of the gate. 
The carrier velocity could be expressed through their mobility and the applied 
electric field [31]: 
E                                                                (2.9) 
where   is the mobility of electrons and E  is the electric field applied to the 
channel. The electron mobility in the channel of a GaN-HEMT could be affected by 
different scattering mechanism due to imperfections of the semiconductor material 
[32]. According to Eqs. (2.8) and (2.9), for low drain voltages, i.e. D GS THV V V   
the drift velocity of electrons linearly rises with the electric field applied to the 
channel and so does the drain current. However, if the applied electric field is 
increased so that the drain voltage is D GS THV V V  , then the velocity of the 
electrons will start to saturate and becomes independent of the applied electric field. 
The saturation of the electron velocity happens mainly due to scattering of the 
carriers with the semiconductor lattice. 
Once the drain voltage is increased so that D GS THV V V  , the longitudinal 
electric field below the gate (caused by high drain voltage) starts to pinch off the 
channel at the drain end of the gate. As a result, the amount of carriers allowed to 
flow in the channel becomes limited and the current becomes independent of any 
further increase in the drain bias (as shown in Fig. 2.4). This is known as the 
saturation region of device operation. The drain current in the saturation region of an 
AlGaN/GaN HEMT is given by [29]: 
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where SAT  is the electron saturation velocity. Eq. (2.10) assumes that drain current 
is independent of drain voltage due to the saturated velocities of electrons. 
2.5.2 Phenomenon of current collapse 
The maximum output power of a GaN-HEMT can be calculated from the 
device’s output I – V characteristics superimposed with the load line (Fig. 2.5) by the 
following expression [33]: 
 DSMAX DSMAX BR KNEEBR KNEE
OUT DSOUT DSOUT
I I (V V )V V
P I V
82 2 2 2

       (2.11) 
where BRV  is the device’s breakdown voltage, DSMAXI  is the maximum drain 
current, and KNEEV  is the knee voltage (i.e. voltage at which the device operation 
moves from the linear to saturation region). However, it has been experimentally 
observed that the power of a GaN-based HEMT is lowered due to the reduction of 
maximum drain current, known as current collapse [33] (see Fig. 2.5). This reduction 
of output current is directly related to the existence of the surface and buffer traps 
which can reduce the amount of carriers available in the channel [34]. The current 
collapse (also known as dispersion) increases the effective on-state resistance in the 
channel and hence the knee voltage increases as well. 
 
Figure 2.5: Schematic representation of I-V characteristics with a load line drawn to maximize the 
area of  the power triangle shown by dotted lines [33]. 
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The current collapse takes place when the gate contact of the device is biased 
to negative voltage. The electrons, which may leak from the gate contact when the 
negative gate bias is applied, are then caught by the empty surface states and buffer 
traps at the area near the gate (Fig. 2.6, b) [33]. These electrons captured by the 
surface traps induce so called ‘virtual gate’ (i.e. the surface with negative potential). 
This virtual gate acts as a metal gate with an applied negative bias and hence can 
modulate the depletion region and reduce the amount of charge carriers in the 
channel, thereby decreasing the drain current of the device. The current collapse is 
most apparent when the device operates under RF or pulsed conditions, since the 
device has to be repeatedly switched on and off in a very short time, but the electrons 
capturing leads to reduced transconductance and thereby resulting in slow transient 
process. The transient time constants of the trapped electrons are dependent on the 
energy levels of the surface traps [35]. 
 
Figure 2.6: Illustration of the current collapse: a) GaN-HEMT with no external field applied; b) a 
negative voltage is applied to the gate. 
 
The drain current of the device can be recovered to its initial value only if the 
surface positive charge will be recovered. It has been shown that the surface 
passivation with silicon nitride averts the creation of the virtual gate by minimising 
the impact of the surface states. The surface passivation with SiN prevents the 
current collapse by the following possible mechanisms [33]:  
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 The passivation buries the surface states, thereby making them unreachable 
for electrons leaking out of the gate. 
 During passivation, Si is incorporated as a shallow donor at the surface of the 
AlGaN barrier which replaces the surface states. 
For power switching devices the current collapse was observed after 
application of high drain voltage during off-state and strongly depends on the electric 
field profile [103]. The off-state electric field of a conventional GaN HEMT is 
strongly peaked at the drain side of the gate. It has been shown, that electrons 
injected from the gate electrode (VGS ≤ VTH) under high drain bias can be accelerated 
by this high electric field and subsequently trapped by surface states and 
traps/defects in bulk GaN. In order to suppress this phenomenon, application of field 
plate engineering has been reported [103]. Introduction of field plate mitigates off-
state electric field crowding at the drain side of the gate and thereby minimizes the 
current collapse and enhances the power efficiency [103]. 
2.6 Gate leakage current and breakdown mechanism 
2.6.1 Schottky gate leakage 
For a power switching transistor, it is essential to keep the gate leakage at 
minimum, especially when employed in circuits and systems which require high 
reliability and negligibly low off-state power consumption. The off-state gate 
leakage current is measured between the drain and gate. It depends on the strain of 
the barrier layer, temperature, and the vertical electrical field at the drain-edge of the 
gate [15, 36, 37, 38]. It has been proposed that the off-state gate leakage current is 
determined by two dominant mechanisms in a GaN HEMT. The first one is field-
emission tunnelling of electrons from the gate electrode to the semiconductor 
material. This mechanism prevails at low temperatures (125 – 250 K) and becomes 
substantial at high drain voltage. Another possible mechanism of off-state gate 
leakage could be associated with threading dislocations within the AlGaN/GaN 
heterostructure (for temperatures of 250 to 400 K) [39]. In order to suppress the off-
state gate leakage, different techniques have been implemented such as passivation 
of the semiconductor surface with Si3N4 [40], or SiO2 [41], deposition of a GaN cap 
layer, as well as employing gate insulation layers (MISFETs) [15]. 
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2.6.2 Breakdown in AlGaN/GaN HEMT 
The breakdown mechanism in an AlGaN/GaN HEMT is a complex process 
which doesn’t have a cohesive explanation in the literature. Theoretically, for a GaN 
based device with gate-to-drain drift length of 1 μm, the electrical breakdown will 
occur when a drain voltage of around 300 V is applied. However, this theoretical 
limit has not been reached in a three terminal AlGaN/GaN HEMT. The most 
common doctrine of the breakdown mechanism discussed in the literature is 
associated with impact ionisation although other breakdown mechanisms such as 
thermal runaway are suggested [42]. The impact ionisation in AlGaN/GaN HEMTs 
is initiated by the electrons injected from the gate, and then under the high electric 
field they gain enough energy to start ionisation of surrounding atoms [43]. 
When the HEMT is in the off-state, the gate of the device is reverse biased, 
i.e. VGS < VTH and therefore the 2DEG beneath the gate is completely depleted of 
electrons. At this condition the channel of the device is highly resistive and there is 
no current flowing between the drain and source electrodes. So if at this point the 
drain voltage starts to increase, then the channel will begin to laterally deplete in the 
drift region between gate and drain electrodes. The electric charge which has been 
depleted in this portion of the channel will be reflected on the gate [44]. The 
resulting electric field distribution is such that the field below the gate is highly 
crowded at the drain side as shown in Fig. 2.7. It has been widely accepted that this 
electric field crowding at the drain end of the gate leads to electrical 
degradation/breakdown of AlGaN/GaN HEMTs [44, 45, 46, 47, 48]. 
 
Figure 2.7: Illustration of the simplified electric filed distribution beneath the gate in AlGaN/GaN 
HEMT.  
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In several reports [43, 49, 50, 51, 52] the breakdown mechanism in 
AlGaN/GaN HEMTs is associated with the electrons injection from the gate and 
their subsequent impact ionisation in the channel. When a positive voltage is applied 
to the drain of the device under off-state conditions, the electrons will tunnel into the 
channel from the gate electrode. The gate leakage current arises through thermionic 
field emission and field-assisted tunnelling [49].  
The mechanisms of the breakdown could be summed up in the following: 
 Under off-state conditions, electrons are injected from the gate to the channel 
when a positive voltage is applied to the drain. 
 When the voltage applied to the drain is increased to a certain point, the 
electrons injected into the channel will gain high energies while traveling 
through high field regions undergo scattering events with bonded electrons in 
the valence band creating a new electron-hole pair (impact ionisation 
process). This secondary electron-hole pair can also have a rather high 
energy. In this case the avalanche effect is triggered and the output current 
increases instantly. 
2.6.3 Electric fields in the depletion region 
As mentioned in Section 2.5.2, the electrons injected from the negatively 
biased gate could be captured by the surface traps and form a virtual gate that can 
reduce the output drain current of the device. If the gate of the device is biased to 
pinch-off and the positive drain voltage is applied, then the surface states will be 
filling up towards the drain. For this reason, the depletion region will laterally extend 
towards the drain contact. As mentioned in Section 2.3.2, the surface traps are the 
source of free charge carriers which form the 2DEG. When the traps are occupied 
with the electrons leaking from the gate, the channel is depleted in order to maintain 
the neutrality of the system. The resulting electric field in the depletion region 
includes a vertical polarisation induced field EP (which depends on the polarisation 
properties of the material) and a lateral electric field which is given by EX = VGD / 
LGD (where LGD is the gate-to-drain drift length) [53]. Then the critical electric field 
in the depletion region can be defined by [53]: 
2 2
C XC PE E E                                                            (2.12) 
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where EXC is the average breakdown field which is given by [53]: 
BR
XC
GD
V
E
L
                                                             (2.13) 
Since the vertical polarisation field is material dependent, the aspect which 
can improve the device performance (during the device design) is EXC. 
2.7 Substrates for AlGaN/GaN HEMTs 
Metal organic chemical vapour deposition (MOCVD) or molecular beam 
epitaxy (MBE) techniques are used to grow the III-nitrides. Today, the growth of 
GaN-based epi-structures by MOCVD is the most widely used technique due to the 
experience and success of the method for development of optoelectronic devices, and 
relatively high growth rates which are typically about 2 μm/hour. MOCVD growth 
of GaN is carried out at temperatures ~ 1000 – 1100 °C and involves a chemical 
reaction of gaseous reactants (trimethylgallium Ga(CH3)3 and ammonia NH3) which 
takes place when they flow above a heated substrate to create a layer of GaN [54]. 
MBE is the second most frequently used method to grow III-nitrides. MBE growth 
of GaN is typically carried out in an ultrahigh vacuum at temperatures of about 800 
°C and based on reaction of a Ga molecular beam and a nitrogen beam which are 
directed towards a heated substrate. The advantages of GaN growth by MBE is very 
precise definition of the interfaces and better flexibility of the interface polarity [54], 
however these advantages are offered at the cost of decreased growth rates which is 
typically in the range of 0.5 – 1 μm/hour. III-nitride epilayers are commonly grown 
on foreign substrates such as SiC, Si, and sapphire on account of the difficulty and 
high costs and relatively smaller sizes of native GaN substrates. 
The choice of the substrate material for device processing is based on the 
following properties: thermal conductivity, lattice mismatch, coefficient of thermal 
expansion (CTE), electrical resistivity, thermal boundary resistance and cost. High 
thermal expansion coefficient and lattice mismatch between the substrate material 
and GaN results in high density of crystallographic defects, which affect the 
performance of the device. In order to reduce these mismatches, a nucleation layer is 
commonly introduced between GaN and substrate, which elevates the thermal 
boundary resistance and therefore degrades the heat extraction from the device. 
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Substrates with higher thermal conductivities provide better heat extraction from the 
channel and thereby improve the device performance.  Table 2.1 shows some of the 
key properties of various substrate materials used for development of AlGaN/GaN 
HEMTs [55]. 
Table 2.1: Properties of various substrate materials used for c-plane GaN semiconductors [55] 
 Sapphire 
c-plane 
6H-SiC Si Diamond GaN 
Thermal conductivity, 
(W/m∙K) 
35 490 149 >1000 130 
Electrical resistivity 
(Ω∙cm) 
10
17 
10
4
-10
6 
2.3x10
4
 10
13
-10
16 
10
6 
Young’s modulus (GPa) 325±75 545±155 130 1100 190±110 
Lattice mismatch 16% 3.5% -17% 11% 0% 
Thermal expansion 
coefficient mismatch 
34% 25% 56% 73% 0% 
 
Sapphire 
Sapphire (Al2O3) substrates have been used for epitaxy of GaN since 
1969when the first deposition of GaN using hydride vapour-phase epitaxy was 
achieved by Maruska and Tietjen [56]. Even though, the crystal quality at that time 
was very poor up to date sapphire remains the substrate for epitaxy of GaN which is 
commonly used. GaN films can be grown on different sapphire planes – c-plane 
(0001), a-plane (0112¯), and r-plane (11¯02). The calculated lattice mismatch between 
the c-plane GaN and the c-plane sapphire is larger than 30%. However, the actual 
mismatch is smaller (~ 16%) because the small cell of Al atoms on the c-plane 
sapphire is oriented 30° away from larger sapphire unit cell [18]. 
GaN grown on the (112¯0) a-plane is (0001) oriented and anisotropically 
compressed. The in-plane relationship of GaN and sapphire is such that the [112¯0] 
direction of GaN is aligned with the [0001] direction of sapphire. In this orientation, 
the bulk positions of both the substrate and the GaN cations lie along the sapphire 
[0001] direction. The mismatch between the substrate and film is 2% and for the 
GaN [11¯00] direction parallel to the sapphire [11¯00] is -0.5% [18]. 
GaN films have also been grown on the r-face (11¯02) of sapphire to achieve 
smaller lattice mismatch than on the c-plane sapphire. Flms grown on the r-face 
29 
 
assume the (21¯ 1¯0) orientation. The lattice mismatch between the [11¯01] direction of 
sapphire and [0001] direction of GaN parallel to the sapphire [11¯01] direction is 1%. 
In the case when the [11¯00] direction of GaN is parallel to the sapphire [112¯0], the 
lattice mismatch is 16%. Growth on the r-face exhibits ridge-like features that allow 
relaxation of the mismatch [18].  
The lattice mismatch (~16%) between c-plane sapphire and c-plane GaN 
results in high concentration of dislocations ~10
10
 cm
-2
 which leads to reduction in 
charge carrier mobility and thereby degrades the device performance [121]. Another 
limitation of sapphire is that it has a low thermal conductivity (35 W/m∙K) and as a 
result the output saturation current of a GaN-on-sapphire HEMT can be reduced due 
to self-heating. Even though these drawbacks of sapphire have significantly 
relegated its use, sapphire substrates are still used for the device processing due their 
low cost. 
Silicon 
The (0001) GaN can be grown on the (111) Si substrates. Low cost and the 
availability of large diameter wafers make Si one of the most attractive choices for 
GaN epitaxy. Another appealing factor is the possibility of using a standard Si 
CMOS processing facility for fabrication of GaN devices. The thermal conductivity 
of Si (149 W/m∙K) is higher than that of sapphire and similar to the thermal 
conductivity of bulk GaN, but still lower than the thermal conductivity of SiC (490 
W/m∙K). The limitations of Si include large lattice mismatch (17 %) which leads to 
high dislocation density and thermal expansion coefficient mismatch (56 %) which 
can result in cracking of GaN-layers during cooling process. These drawbacks 
impede the growth of GaN-on-Si epistructures of high quality. 
 Silicon carbide 
SiC possesses a number of appealing properties for epitaxy of GaN. First of 
all, SiC has a similar to GaN wurtzite crystal structure with the smallest lattice 
mismatch (3.5 %) among the other foreign substrate material used for GaN epitaxy. 
For this reason, the growth of GaN-on-SiC epi-structures of high quality is easier 
and requires only a thin AlN nucleation layer which has a lattice mismatch to SiC of 
less than 1 %. However, the density of misfit dislocation in the GaN layer is still 
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significant (10
6
 – 108 cm-2), which can lead to early degradation of the device 
(reduction of maximum drain current, generation of traps, increase of gate-lag) 
[102]. Also, SiC has a relatively high thermal conductivity (490 W/m∙K) and for this 
reason SiC substrates are presently the most efficient for extracting the heat from the 
channel of high power AlGaN/GaN HEMTs. However, degradation (reduction of 
transconductance and drain current, and an increase of on-state resistance) of 
AlGaN/GaN HEMTs due to elevated temperature at high drain voltage operation has 
been reported even on SiC substrates [57], therefore substrates with higher thermal 
conductivity such as diamond (> 1000 W/m∙K) are desirable. 
Diamond 
Diamond is the most thermally conductive material found in nature. Growth 
of GaN on crystalline diamond and polycrystalline diamond is inherently difficult 
due to a large lattice mismatch (~11%) between the two materials which will likely 
generate mismatch defects and lead to poor crystal quality [122]. Other drawbacks 
are the large thermal expansion coefficient mismatch (~73%) which could lead to 
cracking of the GaN-layers and the absence of a fixed epitaxial relationship between 
the GaN and a polycrystalline diamond substrate making the nucleation of 
continuous epitaxial GaN layers problematic. Recently it has been shown that the 
lack of epitaxy and lattice mismatch can be partially overcome by growing GaN on 
polycrystalline diamond substrate by MOVPE with a low-temperature AlN 
nucleation layer (dislocation density ~7x109 cm-2) [122]. The thermal conductivity of 
diamond is more than three times greater than that of SiC [59], which makes 
diamond substrates very appealing choice to address the heat spreading issues and 
for the development of AlGaN/GaN HEMTs for ultra-high power density 
applications. For this reason, this area of research is gaining more interest and 
several reports investigating the performance of GaN-on-diamond substrates have 
been published [58, 59, 60, 61, 62]. It has already been shown through simulation 
and experimental demonstration that GaN-on-Diamond platform can significantly 
outperform GaN-on-SiC platform for Radio Frequency (RF) applications by 
reducing thermal resistance and thereby increasing power density [104, 105, 106]. 
Fig. 2.8 shows that with GaN-on-Diamond wafers, a nearly threefold improvement 
in RF power density could be achieved for a given channel temperature when 
compared to GaN-on-SiC [107]. Therefore, diamond substrates can substantially 
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increase the power density and reliability of the devices.  It should be noted that most 
of the work which has been accomplished on GaN-on-Diamond to date has been 
primarily focussed on RF devices. In this work an effort to realise the first high-
voltage GaN-on-Diamond power device was undertaken. The GaN-on-Diamond 
samples (10x10 mm) used in this work were supplied by element six, although there 
is no specific information on material quality provided by supplier it is expected to 
be poor since the samples were produced in late 2013. 
 
Figure 2.8: Peak channel temperatures of GaN-on-SiC and GaN-on-Diamond HEMTs with gate 
width of 2x10 μm [107]. 
 
2.8 Summary 
This chapter provides a summary with material properties of III-nitrides, 
polarisation and 2DEG formation mechanisms, metal contacts, operation principles 
of high power AlGaN/GaN HEMTs and with some of the main challenges (current 
collapse and premature breakdown) associated with their design and fabrication. The 
substrate choice is discussed. GaN-on-Diamond platform is the most promising 
technology for high power density applications, therefore these particular wafers will 
be used in this work. All information gathered in this chapter will be used in 
consequent realisation of high-voltage GaN-on-Diamond power semiconductor 
devices. 
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Chapter 3  
 
Numerical Simulations of AlGaN/GaN HEMTs 
3.1 Introduction 
The technology for developing Group III-nitride based power semiconductor 
devices such as AlGaN/GaN HEMTs from the perspective of maturity of a 
semiconductor technology can be considered to be in a nascent stage. For this 
reason, a reliable assessment of their performance and a comprehensive 
understanding of the physical characteristics obtained from experimental work is 
relatively limited (unlike Silicon (Si) based technologies). Since the physical 
realisation and undertaking experimental work (design to manufacture) in this area is 
expensive and time consuming, a reliable and economical method to predict the 
performance of a device in a short time is essential for GaN device designers. The 
most common tools used for device design and performance prediction are the 
physics-based simulators. Although the device simulation is still challenging in the 
case of GaN devices, it can provide critical insight into the electrical, thermal and 
optical behaviour of the device under various operational conditions. 
This chapter will provide an overview of the physics-based simulations of 
AlGaN/GaN HEMTs that were carried out during this study. The simulation results 
aided the actual design of the high voltage devices which were also subsequently 
fabricated and characterised in detail. An innovative concept employing non-uniform 
field plate architecture for enabling high voltage AlGaN/GaN HEMTs has also been 
introduced and described in this chapter. Based on simulation results, the novel 
structure can substantially enhance the breakdown voltage of the device, compared 
to conventional devices employing standard uniform field plates. 
3.2 Simulation structure of an AlGaN/GaN HEMT 
Simulations of AlGaN/GaN HEMTs were carried out using physics-based 
device simulation software Silvaco “Atlas”. The list of the statements, models, and 
numerical method used in the script have been summarised in Table 3.1 [63]. 
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Table 3.1: List of models and numerical methods used in the simulation script [63]. 
Statement: Description 
DOPING TRAP Designates that the doping concentration will 
be considered as a density of trap states. 
INTTRAP Actuates trap states at the interface and 
specifies their energy levels 
Models:  
CONSRH Signifies that model used to describe 
recombination is Shockley-Read-Hall with 
concentration dependent lifetimes. 
AUGER Specifies Auger recombination. 
FERMIDIRAC Signifies that Fermi-Dirac carrier statistics 
being used. 
POLARIZATION Automatically calculates the interface charge 
induced by piezoelectric and spontaneous 
polarization 
POLAR.SCALE Sets a scale factor for piezoelectric and 
spontaneous polarization charges. 
CALC.STRAIN Calculates the strain in the specified region 
induced by adjacent regions due to lattice 
mismatch.  
ALBRCT.N Enable the Albrecht mobility model. 
GANSAT.N Signifies that model used for electron 
mobility is the Nitride Field Dependent. 
LAT.TEMP Includes the lattice temperature model. 
Numerical method:  
NEWTON Signifies that the used solution method is 
Newton. 
 
The cross-sectional schematic of the simulated GaN HEMT is shown in Fig. 
3.1. The epi-layer structure consists of SiN (50 nm), unintentionally doped 
Al0.26GaN0.73N barrier layer (20 nm) and unintentionally doped GaN buffer layer 
(800 nm). This epi-structure corresponds to the GaN-on-diamond epi-wafers used for 
further device processing with some exceptions: adhesion layer (53 nm), substrate 
(95 μm) and a thin GaN cap layer (2.5 nm) are not included into the structure. The 
composition of adhesion layer is covered by IP. 
One of the most important steps in device simulation is specifying an 
appropriate mesh. Mesh density should be very fine in the critical regions of the 
structure (i.e. heterojunctions, interfaces, regions where high electric field is 
expected) so as to improve the accuracy of the simulation. On the other hand, a mesh 
with fewer nodes should be used in the less critical regions in order to increase the 
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numerical efficiency. Fig. 3.2 illustrates a typical mesh used for the simulation of 
GaN HEMT (Fig. 3.1). 
 
Figure 3.1: Cross-sectional schematic of the simulated AlGaN/GaN HEMT (gate width WG = 50 
μm). 
 
Figure 3.2: Mesh of the simulated structure (see Fig. 3.1). 
 
Fig. 3.3 demonstrates schematics of electron concentration and energy band 
diagram of the simulated GaN HEMT under thermal equilibrium. The concentration 
of acceptor and donor traps in AlGaN/GaN layers was set to 5e16 cm
-3
 and 1e17 cm
-
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3
 respectively. The conduction band exhibits a triangular quantum well which leads 
to 2DEG formation with a sheet carrier concentration of ~ 1e13 cm
2
. 
 
Figure 3.3: Energy band diagram and electron concentration of the simulated AlGaN/GaN HEMT. 
 
3.3 Transfer and output I – V characteristics 
Fig. 3.4 shows simulated transfer current-voltage characteristics of the 
AlGaN/GaN HEMT. The threshold voltage (VTH) is found to be ~ - 3 V and can be 
controlled by density of acceptor-like traps (i.e. defects in the bulk GaN). 
 
Figure 3.4: Simulated transfer current-voltage characteristic of the GaN-based HEMT (Fig. 3.1) 
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Output current-voltage characteristics are shown in Fig. 3.5. The calculated 
specific on-state resistance (RON.A) is found to be ~ 9.5 mΩ.cm
2
. Fig. 3.6 illustrates 
the electron distribution at different gate bias conditions. 2DEG is depleted under the 
gate electrode when VGS ≤ -3 V (Fig. 3.6, a-b), and the channel is formed at VGS > -3 
V (Fig. 3.6, c-d). 
 
Figure 3.5: Simulated output current-voltage characteristics of the GaN-based HEMT (Fig. 3.1) 
 
Figure 3.6: Electron concentration schematics of the simulated AlGaN/GaN HEMT at different VGS. 
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3.4 Breakdown voltage simulation 
In Section 2.6.2 it has been shown that the electric field crowding at the 
drain-side edge of the gate occurs during off-state of a GaN-based HEMT and how 
this could result in early device breakdown. In this section the simulated distribution 
of the electric fields for different AlGaN/GaN HEMT structures will be shown. In 
order to simulate the off-state breakdown of the device IMPACT SELB model has 
been used in the simulation script which sets the Selberherr’s impact ionization 
model [63]. 
3.4.1 AlGaN/GaN HEMT without field plate 
The simulated electric field distribution at the moment of the off-state 
breakdown for an AlGaN/GaN HEMT is shown Fig. 3.7. When the HEMT is in the 
off-state, the gate of the device is reverse biased, i.e. VGS < VTH and therefore the 
2DEG beneath the gate is completely depleted of electrons. At this condition the 
channel of the device is highly resistive and there is no current flowing between the 
drain and source electrodes. So if at this point the drain voltage starts to increase, 
then the channel will begin to laterally deplete in the drift region between gate and 
drain electrodes. The electric charge which has been depleted in this portion of the 
channel will be reflected on the gate [44]. The resulting electric field distribution is 
such that the field below the gate is highly crowded at the drain side as shown in Fig. 
3.7. 
 
Figure 3.7: Distribution of the electric field at the moment of device breakdown. 
38 
 
Fig. 3.8 shows distribution of the electric field along the electron channel as 
extracted from the simulations of the AlGaN/GaN HEMT structure (see Fig. 3.7). It 
is apparent that the electric field is confined within a small range from the drain-side 
edge of the gate. Therefore, the critical electric field (~ 3 MV/cm) can be reached 
even for low drain bias which leads to low breakdown voltage. The breakdown 
voltage (VBR) for this structure is found to be ~ 160 V (Fig. 3.9). 
 
Figure 3.8: Simulated distribution of the electric field along the electron channel of the GaN HEMT 
on the verge of the device breakdown. 
 
Figure 3.9: Simulated off-state ID - VD characteristic. 
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3.4.2 AlGaN/GaN HEMT with source field plate 
Many researchers have used field plates as a tool to enhance breakdown 
voltage of the devices by decreasing the electric field crowding at the drain-side edge 
of the gate [64, 110]. The breakdown voltage is due to an avalanche process that 
usually occurs near the gate edge on the drain side. It is generally accepted that the 
essence of achieving a high breakdown voltage in a HEMT is to have an increasing 
depletion width at the surface of the channel from the drain to the Schottky gate 
[110]. When the field plate is used in a HEMT, the electric field originating from the 
overlapping portion of field plate contributes to the formation of the depletion region 
in the passivation and conducting channel layers between the gate and drain. This is 
equivalent to providing additional trapped charge at the surface of the channel, 
resulting in a lower electric field peak at the drain-side-edge of the gate [110]. 
Fig. 3.10 illustrates the simulated electric field distribution at the moment of 
the off-state breakdown for GaN-based HEMTs with various source field plate (SFP) 
lengths (LFP = 2, 3, 4, and 11 μm), while the other dimensions of the structure are 
kept the same as shown in Fig. 3.1. 50 nm of SiN and 450 nm of SiO2 were used as 
the dielectrics under the field plate since they provide high dielectric constants (εSiN 
= 7.5, εSiO = 3.9) and high breakdown strength (~ 10 MV/cm for both SiN and SiO2). 
Thin SiN layer was used in the simulation in combination with thick SiO2 layer 
because it is not recommended to use thick SiN layer due to the risk of cracking 
during fabrication. 
Fig. 3.11 shows the electric field distribution along the electron channel as 
extracted from the simulation of the device structures with various source field plate 
lengths (see Fig. 3.10). It is clear that the electric field is better spread along the 
channel using this architecture and reaches critical electric field at much higher drain 
voltages when the field plate is included into the structure [64]. Therefore, the 
breakdown voltage is increased. The breakdown voltage curves for these simulated 
structures are shown in Fig. 3.12. 
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Figure 3.10: Image from Silvaco Atlas showing spreading of the electric field at the moment of 
breakdown of the devices with SFPs (LDG = 17 μm). 
 
Figure 3.11: Simulated electric field distribution along the channel at the moment of the off-state 
breakdown of devices with SFPs (LDG = 17 μm). 
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Figure 3.12: Off-state I – V curves for the simulated AlGaN/GaN HEMTs with source field plates. 
Fig. 3.13 demonstrates how the breakdown voltage of a GaN-based HEMT 
(the structure shown in the inset) changes for  various lengths of source field plate. It 
is apparent that the breakdown voltage saturates at a certain length of field plate (LFP 
= 4 μm). The explanation for this is the fact that the breakdown voltage is the total 
area of the triangular sections of electric field distribution (see Figs. 3.11, a-d) and 
the increase in this area saturates as the overlap of the sections reduces with increase 
in LFP [64]. 
 
Figure 3.13: Variation of breakdown voltage with respect to length of source field plate (LFP). Inset: 
simulated device structure. 
42 
 
Fig. 3.14 presents the simulated electric field distribution at the moment of 
the off-state breakdown for GaN-based HEMTs with source field plate length LFP = 
4 μm and various drain-to-gate drift lengths (LDG = 5, 6, 7, and 8 μm), while the 
other dimensions of the structure are kept the same as shown in Fig. 3.1. 
Fig. 3.15 shows the electric field distribution along the electron channel as 
extracted from the simulations of the device structures with various drain-to-gate 
drift lengths (see Fig. 3.14). With increase in LDG, the electric field is better spread 
along the channel and reaches critical electric field at higher drain voltages. The 
breakdown voltage curves for these simulated structures are shown in Fig. 3.16. 
 
Figure 3.14: Image from Silvaco Atlas showing spreading of the electric field at the moment of 
breakdown of the devices with different LDG. (LFP = 4 μm). 
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Figure 3.15: Simulated electric field distribution along the channel at the moment of the off-state 
breakdown of devices with different LDG (LFP = 4 μm). 
 
 
Figure 3.16: Off-state I – V curves for the simulated AlGaN/GaN HEMTs with different LDG (LFP = 4 
μm). 
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Fig. 3.17 reveals how the breakdown voltage of a GaN-based HEMT (the 
structure shown in the inset) changes with drain-to-gate drift length. It is apparent 
that the breakdown voltage saturates at LDG = 8 μm (LFP = 4 μm). The saturation of 
the breakdown voltage can be attributed to the decay of the electric field beyond the 
edge of the field plate with increase in gate-drain distance [64]. 
 
Figure 3.17: Variation of breakdown voltage with respect to drain-to-gate distance. Inset: simulated 
device structure. 
 
3.4.3 Non-uniform source field plate 
From Fig. 3.13 it is clear that after a certain length of source field plate the 
breakdown voltage saturates and stops improving. In other words, the effectiveness 
of a conventional field plate is limited. In order to overcome these limitations a new 
concept of non-uniform source field plate (NUSFP) is introduced in this work. Fig. 
3.18 shows novel schematic structure of a GaN-based HEMT with the non-uniform 
source field plate. As it could be seen, the non-uniform field plate creates several 
additional metal edges to improve the electric field distribution along the electron 
channel and hence the breakdown voltage of the device can be enhanced as well. 
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Figure 3.18: A) Schematic illustration of a GaN-based HEMT with non-uniform source field plate; 
B) view from the top. 
Fig. 3.19 demonstrates the simulated electric field distribution at the moment 
of the off-state breakdown for a device with non-uniform source field plate (LFP1 = 3 
μm, LFP2 = LFP3 = 1 μm, d1 = d2 = 3 μm, LDG = 17 μm). 
 
Figure 3.19: Image from Silvaco Atlas showing the electric field distribution at the moment of off-
state breakdown of the device with non-uniform source field plate (LFP = 11 μm). 
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The distribution of electric field along the 2DEG channel at the moment of 
the off-state breakdown as extracted from the simulations of the device structure 
with NUSFP with comparison to the device with uniform FP is presented in Fig. 
3.20. It is clear that the NUSFP improves distribution of the electric field when 
compared to conventional uniform field plate. Therefore, the device with non-
uniform field plate exhibits higher breakdown voltage. 
 
Figure 3.20: Simulated electric field distribution along the channel at the moment of the off-state 
breakdown of the device with non-uniform source field. 
The breakdown voltage for the device structure with NUSFP is found to be 
VBR ~ 1800 V compared  to VBR ~ 1200 V for the structure with uniform field plate 
of the same length LFP = 11 μm (Fig. 3.21). 
 
Figure 3.21: Comparison of the off-state I – V characteristics of the GaN HEMTs with non-uniform 
source field plate and uniform source field plate. 
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3.5 Conclusions 
This chapter has provided an insight on the operating principle, electrical 
characteristics, and off-state electric field profile along the channel on the verge of 
breakdown of a typical AlGaN/GaN HEMT by means of physics-based simulation 
study. The electrical simulation results indicate that the device has threshold voltage 
of ~ -3 V, specific on-state resistance of ~ 9.5 mΩ.cm2. The breakdown voltage 
simulation reveals that the off-state breakdown voltage of the device can be 
increased with inclusion of source field plate. It has been demonstrated that the 
breakdown voltage initially increases with FP length and then saturates at LFP = ~ 4 
μm (VBR = ~1100 V). In order to overcome this limitation a novel non-uniform field 
plate structure was proposed. The breakdown voltage of the device with non-uniform 
FP (LFP = 11 μm) is found to be ~ 1800 V compared to VBR = ~ 1200 V for a device 
with uniform FP of the same length. 
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Chapter 4  
 
Device Fabrication of GaN-on-diamond HEMTs 
4.1 Introduction 
This chapter will describe the mask design and fabrication method of the 
devices developed during this work. The devices had been designed based on the 
simulation study described in the previous chapter. The layout schemes adopted for 
the various devices will be presented initially. Following from that will be a detailed 
description of the fabrication process-flow developed in this chapter. 
 
Figure 4.1: Screen shot of the photomask layout. 
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4.2 Mask Design 
Mentor Graphics IC Station software was employed for mask design and the 
photomasks were fabricated by Compugraphics International Ltd. The fabrication 
process-flow that was developed required ten photolithography steps (10 masks). 
Fig. 4.1 shows a snap shot of the photomask that was designed.  
Several types of device and process test structures were designed. The list of 
fabricated devices have been summarised in Table 4.1. 
Table 4.1: List of the fabricated GaN-on-Diamond HEMTs. 
 
Source-
to-Gate 
distance, 
LSG, μm 
Gate 
length 
LG, μm 
Gate-to-
Drain 
distance, 
LDG, μm 
Source FP 
length, 
LSFP, μm 
Drain FP 
length, 
LDFP, μm 
Gate 
width, 
WG, 
μm 
Liner:       
w/o FP 
3 3 
5, 7, 9, 11, 
13, 17 
- - 50 
With source FP 
3 3 17 3, 5, 7, 11 - 50 
With source and 
drain FP 
3 3 17 3, 5, 7, 11 2.5 50 
With non-uniform 
source FP 3 3 17 3, 5, 7, 11 - 50 
With non-uniform 
source and drain 
FP 
3 3 17 3, 5, 7, 11 2.5 50 
Bidirectional:       
w/o FP 
3 3 
9, 11, 13, 
17 
- - 50 
With FPs 3 3 13, 17 2 2 50 
Circular:       
w/o FP 
3 3 
5 
7 
9 
11 
13 
17 
- - 
355 
367 
380 
392 
405 
430 
With source FP 
3 3 
5 
7 
9 
11 
13 
17 
3 - 
355 
367 
380 
392 
405 
430 
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4.2.1 Linear layout devices 
Fig. 4.2 shows the layouts and cross-sectional schematics of AlGaN/GaN 
HEMTs in linear form designed and fabricated in this work. These devices include:  
1. Without any field plate (Fig. 4.2, a) 
2. With source field plate (Fig. 4.2, b) 
3. With source and drain field plates (Fig. 4.2, c) 
4. With non-uniform source field plate (Fig. 4.2, d) 
5. With non-uniform source field plate and drain field plate (Fig.4.2, e) 
All of the designed linear GaN-on-Diamond HEMTs have the gate length LG 
of 3 μm, source-to-gate distance LSG of 3 μm, and gate width WG of 50 μm. Further, 
devices without field plates have various gate-to-drain drift lengths LDG – 5, 7, 9, 11, 
13 and 17 μm. For all other linear HEMTs LDG is 17 μm. 
The source field plate (regular and non-uniform) have varied lengths LSFP 
(LNUSFP) – 3, 5, 7 and 11 μm, while the drain field plate LDFP is fixed to 2.5 μm. 
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Figure 4.2: Layouts and cross-sectional schematics of linear GaN-based HEMTs: a) without any FP, 
b) with source FP, c) with source and drain FPs, d) with non-uniform source FP, e) with non-uniform 
source FP and drain FP. 
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4.2.2 Linear bidirectional HEMTs 
Fig. 4.3 shows the layouts and cross-sectional schematics of linear 
bidirectional AlGaN/GaN HEMTs designed and fabricated in this work. All of the 
bidirectional devices have the gate length LG1 = LG2 = 3 μm, source-to-gate1 LSG1 
(drain-to-gate2 LDG2) distance of 3 μm, gate width WG1 = WG2 = 50 μm, and gate1-
to-drain LDG1 (gate2-to-source LSG2) drift length of 9, 11, 13 or 17 μm. The field 
plate length LFP1 = LFP2 = 2 μm. 
 
 
Figure 4.3: Layouts and cross-sectional schematics of bidirectional GaN-based HEMTs: a) without 
FPs, b) with FPs. 
4.2.3 Circular layout devices 
One of the advantages of the circular device layout is better electric field 
distribution. For a linear layout device local crowding of the electric field might 
happen at the area where gate finger crosses mesa etch region, while for a circular 
device the electric field distributes uniformly along the gate contact [65, 99]. 
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Moreover, due to its self-enclosed structure, circular device design limits the extra 
source-to-drain leakage current [66]. 
Fig. 4.4 shows the layouts and cross-sectional schematics of circular 
AlGaN/GaN HEMTs designed and fabricated in this work. All of the designed 
circular GaN-on-Diamond HEMTs have the gate length LG of 3 μm, source-to-gate 
distance LSG of 3 μm, and gate-to-drain drift length LDG of 5, 7, 9, 11, 13 or 17 μm. 
The source field plate length LFP is 3 μm. 
 
 
Figure 4.4: Layouts and cross-sectional schematics of circular GaN-based HEMTs: a) without source 
FP, b) with source FP 
 
4.3 Device fabrication 
Device fabrication was undertaken at the National Centre for III-V 
technologies at Sheffield. The processes required for device fabrication will be 
described in the following sections. 
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4.3.1 Structure of the sample 
The GaN-on-diamond epi-wafers for this work were supplied by Element 
Six. The size of the supplied samples is 1 cm x 1 cm. Figs. 4.5 (a)-(b) show the 
cross-sectional schematic of the epi-layer structure and the top view photograph of 
the sample respectively.  
To prepare the sample for use it has to be chemically cleaned to remove any 
trace of ionic, organic, and metallic impurities or any other contaminations. The 
standard 3-stage cleaning process was utilized in this work [100]: 
 Immerse in n-butyl acetate; 
 Immerse in acetone; 
 Immerse in isopropyl alcohol (IPA). 
 
 
Figure 4.5: a) Epi-layer structure of the GaN-on-diamond sample; b) top view photograph of the epi-
wafer 
 
4.3.2 Lithography process 
Lithography is the vital part of the device fabrication process that enables 
transferring of the patterns from the mask to the surface of the semiconductor 
sample. Photolithography was performed on Karl Suss MJB3 UV400 Mask Aligner 
MJB3. 
In this work, photolithography was performed using the following steps: 
1) Chemical cleaning of the sample as outlined in Section 4.3.1. 
2) Covering the surface of the sample with a light-sensitive material 
(photoresist). SPR350 series photoresist was predominantly used in this 
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work. For a better adhesion of photoresist the sample was treated with 
hexamethyldisilazane (HDMS) adhesion promoter prior the photoresist 
application. In cases where the next step after photolithography was metal 
deposition, prior to SPR350 resist deposition, polymethylglutarimide 
(PMGI) resist was spun on the surface of the sample for a better metal 
lift-off. The resist spinner (4000 rpm for 30 sec) was used to coat the 
sample with resists. 
3) Baking the resist after spinning at 100°C for 60 seconds. This step 
removes all unwanted moisture and improves adhesion of the resist. 
When the sample was coated with PMGI, it was baked at 180°C for 5 
minutes prior to SPR350 application. 
4) Exposing the sample through the aligned photomask to the UV light of 
the mask aligner. The exposure time for SPR350 was optimised as 4.5 
seconds. 
5) Developing of the photoresist in MF26A developer for 1 minute to wash 
away any resist that has been exposed. The sample is then rinsed in DI 
water. 
6) O2 plasma ashing of the sample for 2 minutes in order to remove any 
residual photoresist. 
4.3.3 Processing steps 
Overview 
Every time the photolithography process is followed either by metal 
deposition or etch step. 
Metal deposition is another essential part of the device fabrication process. 
Once the lithography process outlined in the previous section is finished the sample 
can be placed into the metal deposition machine. In this work a thermal evaporator 
(Edwards Coating System E306A) was used for metal deposition procedures. 
Etching is again another crucial aspect of semiconductor device fabrication 
process. Etching is the process of removal of material which is not covered by 
hardened photoresist. This process can be done either in liquid (wet etch) or gaseous 
(dry etch) form. Dry etch is the most preferable choice for GaN due to difficulty of 
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wet etch [67]. In this work the dry etch processes were completed by using reactive 
ion etching (RIE) and inductively coupled plasma (ICP) etching. The main 
difference between RIE and ICP is that the ion energy and ion density of the former 
can be determined by one RF plasma source while the latter has two independent RF 
and ICP sources enabling separate control over ion density and ion energy, and 
providing higher flexibility to the process. Another important issue which has to be 
mentioned is that no gold is allowed in ICP machine at the facility due to the risk of 
chamber contamination and therefore in this work the RIE etching was used after 
metal deposition (metal alignment marks) at step 3. The details of the process steps 
which were used for this project will be given in the following sections. 
Alignment sequence 
The developed fabrication process-flow consists of ten photolithography 
steps (10 masks). The alignment sequence along with alignment tolerance is shown 
in Fig. 4.6. 
 
Figure 4.6: Alignment sequence and alignment tolerance. 
Mask 1 – Alignment marks etch  
The first photomask is simply aligned with the edges of the sample and 
includes only alignment marks to which the following masks will be aligned. The 
alignment marks were etched by ICP etching of SiN and III-nitrides (Fig. 4.7). At 
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first the sample was placed into the ICP machine and the program was set to etch 50 
nm of the top SiN layer: 
 Gases and flow rates: CHF3 – 20 sccm and Ar2 – 30 sccm, 
 RF power – 200 W,  
 Temperature – 20 °C, 
 Pressure of the chamber – 35 mT, 
 Etching time – 6.5 min.  
Once the etching of SiN has been finished the sample was unloaded and 
recipe was changed to etch into GaN buffer (~ 250 nm): 
 Gases and flow rates: SiCl4 – 1.5 sccm,  Cl2 – 15 sccm, and  Ar2 – 4 
sccm,  
 RF power – 80 W,  
 ICP power – 450 W,  
 Temperature – 20 °C, 
  Pressure of the chamber – 4 mT.  
 Chamber preparation time – 20 min (running the ICP machine with 
new recipe without the sample). Once the chamber preparation has 
been finished the sample was placed back into the chamber, 
 Etching time – 5 min.  
The etching depth and surface profile were checked using Optical 
Profilometer DEKTAK 150. 
 
Figure 4.7: Alignment marks for the second and third photomasks: a) layout in IC station; b) 
processed. 
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Mask 2 – Mesa isolation etch 
Mesa isolation etch is required in order to electrically isolate the individual 
devices from each other on the sample. For GaN-based HEMTs the mesa isolation 
could be done by etching into the semi-insulating GaN buffer. 
In order to attain better etch control and reduce the surface damage the RF 
power has to be minimized. However, it is problematic to obtain sustainable striking 
plasma at low RF power. Two step etching process has been used to overcome this 
difficulty (etched depth ~ 134 nm): 
1 step 
 Gases and flow rates: SiCl4 – 1.5 sccm,  Cl2 – 15 sccm, and  Ar2 – 4 
sccm,  
 RF power – 80 W,  
 ICP power – 450 W,  
 Temperature – 20 °C, 
  Pressure of the chamber – 4 mT,  
 Time – until the plasma has stabilized (~ 2 – 3 sec) 
2 step. Once the plasma has stabilized the RF power was set to: 
 RF power – 10 W, 
 Etching time – 24.5 min. 
The etch depth and surface profile were checked using DEKTAK 
profilometer. The result of the mesa isolation etch is shown in Fig. 4.8 (adhesion 
layer between GaN buffer and diamond substrate is not shown). 
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Figure 4.8: Sample morphology after mesa isolation etch step on the example of linear HEMT with 
uniform source field plate: a) 3D schematic illustration and b) part of actual sample. 
 
Mask 3 – Metal alignment mark 
Once the mesa isolation step has been completed, the new alignment marks 
were formed by thermal evaporation of Ti/Au (20/200 nm) (Fig. 4.9). When the 
metal deposition process has been finished it is necessary to remove all unwanted 
metal from the sample (lift-off process). For this purpose the sample is placed in a 
beaker of acetone which washes away the remaining photoresist and metal deposited 
on top of it. To remove any residual photoresist the sample is then placed into O2 
asher for 2 min. 
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Figure 4.9: Metal alignment marks for the fourth and fifth photomasks: a) layout in IC station; b) 
processed. 
 
Mask 4 – SiO2 deposition. SiN and SiO2 RIE etch 
In order to minimize any leakage between pad areas a blanket deposition of 
SiO2 was done by plasma enhanced chemical vapour deposition (PECVD) (Fig. 
4.10, a). 100 nm of SiO2 were deposited using PECVD machine, the recipe was set 
to: 
 Gases and flow rates: SiH4 – 160 sccm, N2O – 900 sccm, N2 – 240 
sccm,  
 RF power – 25 W,  
 Temperature: table – 300 °C,  wall – 60 °C, 
 Pressure of the chamber – 900 mT, 
 Deposition time – 2.5 min.  
The thickness of the deposited dielectric was checked using V-VASE 
Ellipsometer. 
Since the sample now contained the metal (alignment marks after step 3) it 
was not allowed to be placed into the ICP machine and the patterning of the SiN and 
SiO2 was done by RIE etch. To etch 50 nm of SiN and 100 nm of SiO2 from the 
active region of the sample, it was placed in RIE machine and the program was set 
to: 
 Gases and flow rates: CHF3 – 35 sccm, O2 – 5 sccm,  
 RF power – 100 W,  
 Pressure of the chamber – 35 mT, 
 Etching time – 7 min. 
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The etching time was controlled by end-point detection and the etched depth 
checked by DEKTAK profilometer. The result of this step is schematically 
illustrated in Fig. 4.10, b. Some of the actual devices after the RIE etching step are 
shown in Fig. 4.10, c. 
 
 
Figure 4.10: Schematics of sample morphology after: a) SiO2 (100 nm) deposition; b) SiO2 / SiN etch 
from the active area; c) actual devices after RIE etching. 
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Mask 5 – Source and drain contact formation. Annealing 
Source and drain electrodes were formed by thermal evaporation of 
Ti/Al/Ni/Au (20/100/45/55 nm) (Fig. 4.11). In order to make a good Ohmic contact 
to the semiconductor the drain and source electrodes must be annealed (before gate 
contact formation). The metal annealing process was completed by rapid thermal 
annealing (RTA) at 800 °C for 1 minute in N2 ambient (Fig. 4.11, d). 
 
 
Figure 4.11: Sample after source and drain contacts formation: a) 3D schematics; b) actual device; c) 
active area before RTA, and d) active area after RTA. 
 
The transmission line model (TLM) is a convenient method for determining 
the specific contact resistivity ρC of Ohmic contact electrodes [109]. Fig. 4.12 shows 
the typical plot of total contact to contact resistance RT as a function of distance  
along with the equations used for calculations to obtain ρC, where W is the contact 
width, RC is the contact resistance, LT is the transfer length, RSK is the sheet 
resistance of the semiconductor layer directly under the contact, and RSH is the sheet 
resistance of the semiconductor layer outside the contact region [109].  The TLM 
pattern (included on the same sample as the devices) is illustrated in Fig. 4.13. 
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Figure 4.12: Typical plot of total contact to contact resistance as a function of  to obtain specific 
contact resistivity of Ohmic contact electrodes. 
 
 
Figure 4.13: TLM pattern used to estimate the ohmic contact parameters. 
 
Fig. 4.14 shows the measured I – V characteristics and calculated resistances 
between the adjacent contacts of the TLM pattern. Fig. 4.15 demonstrates the plot of 
total contact-to-contact resistance versus distance between contacts. This graph was 
used to obtain specific contact resistivity, transfer length, and sheet resistance of 
2DEG. 
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Figure 4.14: I – V characteristics measured between adjacent contacts of TLM pattern. 
 
 
Figure 4.15: Plot of total contact to contact resistance versus distance between contacts. 
 
The specific contact resistivity of Ohmic contact electrodes is found to be ~ 
1.2 x 10-5 Ω.cm2. The sheet resistance of the 2DEG at the AlGaN/GaN interface and 
transfer length were estimated as 687 Ω/□ and 1.36 μm respectively. 
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Mask 6 – Gate contact 
Once the drain and source contacts were defined, after the corresponding 
photolithography step, the Schottky gate contact was formed by thermal evaporation 
of Ni/Au (20/200 nm) and the result is shown in Fig. 4.16.  
 
 
Figure 4.16: Sample after Schottky gate formation: a) 3D schematics. b) Actual device. 
 
After the gate formation initial electrical characteristics of the linear device 
with LDG = 17 μm were measured and the results are presented in Fig. 4.17. The 
threshold of the device is found to be VTH ~ -3V and specific on-state resistance 
(RON.A) ~ 9.2 mΩ.cm
2
. 
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Figure 4.17: Initial transistor characterisation: a) transfer I – V characteristics; b) output I – V 
characteristics. 
  
Mask 7 – SiN, SiO2 deposition and patterning 
50 nm of SiN and 450 nm of SiO2 were deposited all over the sample by 
PECVD (Fig. 4.18). In order to deposit SiN, the program was set to: 
 Gases and flow rates: SiH4 – 100 sccm, NH3 – 5 sccm, N2 – 900 
sccm, 
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 RF power – 25 W, 
 Temperature: table – 300 °C, wall – 60 °C, 
 Pressure of the chamber – 900 mT, 
 Deposition time – 5 min. 
Once the SiN deposition has been finished the sample was unloaded and the 
recipe was changed to the one outlined in section Mask 4. In order to prepare the 
chamber, the PECVD machine was running with a new recipe for 20 minutes 
without the sample inside. After the chamber preparation the sample was placed in 
PECVD machine for dielectric deposition for 11 minutes 25 seconds (Fig. 4.18, b). 
 
 
Figure 4.18: Sample after: a) SiN (50 nm) blanket deposition; b) SiO2 (450 nm) blanket deposition 
 
Once the dielectric deposition and consequent photolithography process have 
been finished the SiN (50 nm) and SiO2 (450 nm) were etched from the pad areas by 
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RIE machine using the same recipes as outlined section Mask 4 (Fig. 4.19). 
Thicknesses of deposited and etched layers were checked by Ellipsometer and 
DEKTAK profilometer respectively. 
 
Figure 4.19: Sample after etching SiN / SiO2 from the pad areas. 
 
Mask 8 – Field plates metal deposition 
The field plates were formed by thermal evaporation of Ti/Au (20/480 nm). 
The result is schematically shown in Fig. 4.20 on the example of GaN-based HEMT 
in linear form with single uniform source field plate. 
 
Figure 4.20: Schematic illustration of the sample after field plate formation (on the example of a 
linear device with single uniform field plate). 
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Mask 9 –Pad metallization 
In order to make the pads of the devices more robust for probing, their 
additional metallization has been carried out by thermal evaporation of Ti/Au 
(20/480 nm). Fig. 4.21 shows the schematic illustration of the sample after this step. 
 
Figure 4.21: Schematic illustration of the sample after additional metallization of the pad areas. 
Mask 10 – SiO2 deposition and patterning 
Finally, blanket deposition of a 1000 nm SiO2 by PECVD (Fig. 4.22, a) and 
subsequent patterning by RIE etch (Fig. 4.22, b) has been carried out using same 
recipes as described in previous sections. 
 
70 
 
 
Figure 4.22: Sample after: a) SiO2 (1000 nm) blanket deposition; b) etching SiO2 from the pad areas. 
 
4.4 Conclusions 
This chapter has provided details on the design and fabrication method of 
GaN-on-Diamond HEMTs. The device design was based on the data obtained from 
the simulation. The fabricated devices include conventional GaN-on-Diamond 
HEMTs in circular and linear form with and without field plates as well as 
bidirectional transistors. The next chapter will provide the electrical characterisation 
results of the fabricated devices. 
  
71 
 
Chapter 5  
 
Electrical Characterisation of GaN-on-Diamond HEMTs 
5.1 Introduction 
The evolution of advanced power electronic systems is commonly driven by 
the requirements for lower weight, smaller size, higher reliability, higher efficiency, 
and lower costs [112]. The most frequently used figure of merit which brings 
together all these parameters and provides a reliable assessment of the progress of 
the technology is power density. The power density of power electronic converters 
has roughly doubled every decade starting from 1970. The present-day technology is 
already facing the barriers which could limit the power density of power electronic 
converters in future [112]. 
AlGaN/GaN high electron mobility transistors (HEMTs) are ideal candidates 
for use in applications with requirements of high power densities [17]. However, due 
to poor thermal properties of commonly used starting substrate materials for GaN 
epitaxial growth (such as Sapphire, Silicon) the usable power densities are limited. In 
order to attain reliable operation and harness the true performance of GaN devices, 
improved thermal management is necessary [106]. CVD Diamond with its high 
room-temperature thermal conductivity that is at least 3 times higher (depends on 
growth conditions and crystal quality)  than good thermally conductive substrates 
such as Silicon Carbide (SiC) could emerge as the ideal substrate option to address 
the heat transfer issues and aid the development of power electronics with high 
reliability and power densities. This area of research is gaining focus and reports 
evaluating integration of Diamond and GaN for device technologies have been 
published [60, 113]. It has already been shown through simulation and experimental 
demonstration that GaN-on-Diamond platform can significantly outperform GaN-on-
SiC platform for Radio Frequency (RF) applications by reducing thermal resistance 
and thereby increasing power density [104, 105, 106]. It should be noted that most of 
the work which has been accomplished on GaN-on-Diamond to date has been 
primarily focussed on RF devices, while in this work an effort to realise the first 
high-voltage GaN-on-Diamond power device was undertaken. 
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This chapter will present detailed electrical characterisation results of the 
fabricated GaN-based HEMTs on CVD diamond substrate. The measured electrical 
characteristics and the simulation results described in Section 3.4 are comparable. 
Temperature characterisation of ‘capacitance – voltage’ characteristics will be 
described in order to provide an insight on the temperature dependence of 2DEG 
sheet carrier concentration and threshold voltage of the processed devices. 
Breakdown voltage measurements will also be presented in this chapter. The 
significant part of the results and discussions presented here has been published in 
the proceedings of ESSDERC 2015 [111] and the elaborated version of ESSDERC 
paper has been selected for publication in Solid-State Electronics Journal. 
5.2 I – V characterisation 
The electrical characteristics of the fabricated devices were measured using 
Agilent B1500A semiconductor device analyzer. The device was connected to 
B1500A through probing needles and coaxial cables. As the measurements are 
sensitive to the presence of light, all measurements have been performed under dark 
conditions. 
5.2.1 Linear GaN-on-Diamond HEMTs without FPs 
The top view photograph of the fabricated linear GaN-on-Diamond HEMT 
without any field plate is shown in Fig. 5.1. 
 
Figure 5.1: Fabricated linear GaN-on-Diamond HEMT (top view photograph). 
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Fig. 5.2 shows output current-voltage characteristics of the HEMT with gate-
to-drain drift length LDG of 17 μm after gate deposition (see Fig. 4.11) and after the 
completed fabrication. The specific on-state resistance (RON.A) of the completed 
device (mask 10) is ~ 8.1 mΩ.cm2 compared to ~ 9.2 mΩ.cm2 obtain from electrical 
characterisation of this device after gate formation step (mask 6).  
 
Figure 5.2: Output current-voltage characteristic of the linear GaN-based HEMT with LDG = 17 μm 
 
Although, the maximum drain current has increased (Fig. 5.2) due to surface 
passivation, the rise in the off-state leakage current is observed (Fig. 5.3). The rise in 
Drain to Source leakage current could be attributed to increase in sheet carrier 
concentration due to additional external stress on the AlGaN/GaN epilayers after 
deposition of thick dielectric layers [68] or due to poor crystal quality of GaN-on-
Diamond sample.  
Fig. 5.3 shows transfer I-V characteristic of this device (after gate formation 
step and after completed processing) at drain voltage VDS = 1 V. The magnitude of 
threshold voltage (VTH) has shifted towards higher values, from ~ - 3 V (step 6) to ~ 
- 3.17 V (step 10). The threshold voltage shift could also be attributed to increase in 
sheet carrier concentration. 
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Figure 5.3: Transfer current-voltage characteristic of the linear GaN HEMT with LDG = 17 μm. 
 
5.2.2 Linear GaN-on-Diamond HEMTs with source FP 
The photograph of the fabricated linear GaN-on-Diamond transistor with 
source field plate is shown in fig. 5.4. 
 
Figure 5.4: Fabricated linear GaN-on-Diamond HEMT with source field plate (top view photograph). 
 
Figs. 5.5 (a)-(b) show output and transfer electrical characteristics of the 
GaN-on-Diamond HEMT with gate-to-drain drift length LDG = 17 μm and source 
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field plate  LFP = 11 μm. The threshold voltage (VTH) of the device obtained from 
transfer characteristic is ~ - 2.9 V. The specific on-state resistance (RON.A) is ~ 9.7 
mΩ.cm2. 
 
 
Figure 5.5: Electrical characteristics of the GaN-on-Diamond HEMT with LDG = 17 μm and SFP LFP 
= 11 μm: a) output I-V; b) transfer I-V 
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5.2.3 Linear GaN-on-Diamond HEMTs with source and drain 
FPs 
The photograph of the fabricated linear GaN-on-Diamond transistor with 
source and drain field plates is shown in fig. 5.6. 
 
Figure 5.6: Fabricated linear GaN-on-Diamond HEMT with source and drain field plates (top view 
photograph). 
Figs. 5.7 (a)-(b) show output and transfer electrical characteristics of the 
GaN-on-Diamond HEMT with gate-to-drain drift length LDG = 17 μm, source field 
plate  LSFP = 11 μm, and drain field plate LDFP = 2.5 μm. The threshold voltage (VTH) 
of the device obtained from transfer characteristic is ~ - 2.9 V. The specific on-state 
resistance (RON.A) is ~ 8.6 mΩ.cm
2
. 
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Figure 5.7: I – V characteristics of the device with LDG = 17 μm, source field plate LSFP = 11 μm, and 
drain field plate LDFP = 2.5 μm: a) output; b) transfer. 
 
5.2.4 Linear GaN-on-Diamond HEMTs with non-uniform SFP 
The photograph of the fabricated linear GaN-on-Diamond transistor with 
non-uniform source field plate is shown in Fig. 5.8. 
 
Figure 5.8: Fabricated linear GaN-on-Diamond HEMT with non-uniform source field plate (top view 
photograph). 
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Figs. 5.9 (a)-(b) show output and transfer electrical characteristics of the 
GaN-on-Diamond HEMT with gate-to-drain drift length LDG = 17 μm and non-
uniform source field plate  LFP = 11 μm. The threshold voltage (VTH) of the device 
obtained from transfer characteristic is ~ - 3 V. The specific on-state resistance 
(RON.A) is ~ 8.3 mΩ.cm
2
.  
 
 
Figure 5.9: I – V characteristics of the device with LDG = 17 μm and non-uniform source field plate 
LFP = 11 μm: a) output; b) transfer. 
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5.2.5 Linear GaN-on-Diamond HEMTs with non-uniform 
source and drain FPs 
The photograph of the fabricated linear GaN-on-Diamond transistor with 
non-uniform source field plate and drain field plate is shown in fig. 5.10. 
 
Figure 5.10: Fabricated linear AlGaN/GaN HEMT with non-uniform source field plate and drain 
field plate (top view photograph). 
Figs. 5.11 (a)-(b) show output and transfer electrical characteristics of the 
GaN-on-Diamond HEMT with gate-to-drain drift length LDG = 17 μm, non-uniform 
source field plate  LSFP = 11 μm, and drain field plate LDFP = 2.5 μm. The threshold 
voltage (VTH) of the device obtained from transfer characteristic is ~ - 2.8 V. The 
specific on-state resistance (RON.A) is ~ 8 mΩ.cm
2
. 
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Figure 5.11: I – V characteristics of the device with LDG = 17 μm, non-uniform source field plate LSFP 
= 11 μm, and drain field plate LDFP = 11 μm: a) output; b) transfer. 
 
Table 5.1 summarises the key electrical results for each of the devices with 
LDG = 17 μm. All linear devices have threshold voltage of ~ - 3 V and specific on-
state resistance in the range of 8 – 10 mΩ.cm2 which is in good agreement with the 
simulation results (VTH = ~ -3 V, RON.A = ~ 9.5 mΩ.cm
2
) presented in Section 3.3. 
Table 5.1: Key results of electrical characterisation. 
Device VTH, V RON.A, mΩ.cm
2
 
Linear (WG = 50 μm):   
w/o FP -3.17 8.1 
With source FP -2.9 9.7 
With source and drain FP -2.9 8.6 
With non-uniform source FP -3 8.3 
With non-uniform source and drain FP -2.8 8 
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5.2.6 Bidirectional GaN-on-Diamond HEMTs 
The photograph of the fabricated GaN-on-diamond bidirectional transistor is 
shown in Fig. 5.12. 
 
Figure 5.12: Fabricated bidirectional AlGaN/GaN HEMT (top view photograph). 
 
Fig. 5.13 (a) shows typical transfer current-voltage characteristics of the 
fabricated bidirectional GaN-on-Diamond HEMTs with gate width WG1 = WG2 = 50 
μm, drift length LDG1 = LSG2 = 17 μm, and gate length LG1 = LG2 = 3 μm. From the 
transfer I-V characteristics, it is apparent that the drain current of the device is 
effectively controlled by Gate-1 (voltage VG1S) in forward direction (current flow 
from D electrode to S electrode (Fig. 5.12) and by Gate-2 (voltage VG2D) in the 
reverse direction (current flow from S electrode to D electrode (Fig. 5.12). The 
measured threshold voltage is found to be around - 3 V. Fig. 5.13 (b) shows output I-
V characteristics of the bidirectional HEMT. The device has symmetrical 
characteristics in the both directions. The specific on-state resistance of the 
bidirectional HEMT, calculated from the output I-V characteristic is ~ 10 mΩ.cm2. 
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Figure 5.13: Electrical characteristics of the bidirectional HEMT: a) transfer I-V; b) output I-V. 
 
5.2.7 Circular GaN-on-Diamond HEMTs without source FP 
The photograph of the fabricated circular GaN-on-diamond transistor without 
any field plate is shown in fig. 5.14. 
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Figure 5.14: Fabricated circular AlGaN/GaN HEMT (top view photograph). 
Figs. 5.15 (a)-(b) show output and transfer electrical characteristics of the 
circular GaN-on-Diamond HEMT with gate-to-drain drift length LDG = 17 μm. The 
off-state leakage of the circular devices is at least two orders of magnitude smaller 
than the leakage of the linear devices due to their self-enclosed structure [66]. The 
threshold voltage (VTH) of the device obtained from transfer characteristic is ~ - 3.1 
V. The specific on-state resistance (RON.A) is ~ 23.2 mΩ.cm
2
. The substantial 
increase in specific on-state resistance of circular devices compared to linear devices 
can be attributed to inhomogeneous current distribution due to different device 
design. 
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Figure 5.15: I – V characteristics of the circular HEMT with LDG = 17 μm: a) output; b) transfer. 
 
5.2.8 Circular GaN-on-Diamond HEMTs with source FP 
The photograph of the fabricated circular GaN-on-diamond transistor with 
source field plate is shown in fig. 5.16. 
 
Figure 5.16: Fabricated circular GaN-on-Diamond HEMT with source field plate (top view 
photograph). 
 
Figs. 5.17 (a)-(b) show output and transfer electrical characteristics of the 
circular GaN-on-Diamond HEMT with gate-to-drain drift length LDG = 17 μm and 
source field plate LSFP = 3 μm. The threshold voltage (VTH) of the device obtained 
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from transfer characteristic is ~ - 3.1 V. The specific on-state resistance (RON.A) is ~ 
21.1 mΩ.cm2. 
 
 
Figure 5.17: I – V characteristics of the circular HEMT with LDG = 17 μm and source field plate LSFP 
= 3 μm: a) output; b) transfer. 
 
Table 5.2 summarises the key electrical results for each of the devices with 
LDG = 17 μm. The substantial increase in specific on-state resistance of circular 
devices can be attributed to inhomogeneous current distribution due to device design. 
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Table 5.2: Key results of electrical characterisation. 
Device VTH, V RON.A, mΩ.cm
2
 
Linear (WG = 50 μm):   
w/o FP -3.17 V 8.1 
With source FP -2.9 9.7 
With source and drain FP -2.9 8.6 
With non-uniform source FP -3 8.3 
With non-uniform source and drain FP -2.8 8 
Bidirectional -3 in both directions 10.1; 10.6 
Circular (WG = 430 μm):   
w/o FP -3.1 23.2 
With source FP -3.1 21.1 
 
5.3 Temperature characterisation 
Output I – V characteristics 
Fig. 5.18 shows output current-voltage characteristics of the linear GaN-on-
Diamond HEMT (LDG = 11 μm) measured at various temperatures (from - 80 
0
C to 
90 
0
C). The measurement was performed on a TTP4 cryogenic manipulated-probe 
station. It is apparent from the graph that as temperature rises the drain current 
reduces. This could be explained by reduction of carrier mobility due to increased 
number of collisions at higher temperature [69].  
 
Figure 5.18: Output I-V characteristics of the linear GaN-based HEMT (without field plate) with 
respect to temperature. 
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Fig. 5.19 shows the trend of specific on-state resistance (RON.A) (measured at 
VDS = 2 V and VGS = 0 V) as well as the drain saturation current IDSAT (at VDS = 4 V 
and VGS = 0 V) of the device with respect to temperature. A linear trend has been 
observed for both parameters with a temperature coefficient of ~ 5.85 μΩ.cm2/ 0C 
and - 8.62 μA/ 0C for RON.A and IDSAT respectively. Similar trend has been observed 
in the literature for GaN-on-Si HEMTs [70]. The increase in RON.A and decrease in 
IDSAT at high temperatures can be primarily attributed to the degradation of the 
2DEG mobility [70]. 
 
Figure 5.19: Specific on-state resistance (at VDS = 2V and VGS = 0V) and drain saturation current (at 
VDS = 4V and VGS = 0V) of a conventional AlGaN/GaN HEMT (without field plate) with respect to 
temperature. 
 
Capacitance – voltage measurements 
Small-signal capacitance – voltage (CV) characteristics were measured using 
Agilent B1505A semiconductor device analyzer with an in-built multi-frequency 
capacitance measurement unit (MFCMU). Being wafer-level measurements, phase 
compensation as well as open and short corrections were performed on the setup 
before proceeding with the actual device measurements. Fig. 5.20 shows CV 
characteristics of the circular device (LDG = 17 μm) with source field plate (LSFP = 3 
μm) measured at 1 MHz and various temperatures (25 0C – 125 0C). The source 
terminal of the device was left floating during this measurement. The depletion of 
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the 2DEG under the gate starts at drain voltage VD ~ 3 V corresponding to the 
threshold voltage VTH ~ - 3 V. 
 
Figure 5.20: Capacitance – voltage characteristics of a high voltage circular AlGaN/GaN HEMT 
performed at various temperatures. 
The apparent carrier density (NCV) as extracted from the CV data is shown in 
Fig. 5.21. The peak of apparent carrier concentration NCV = 2.3e19 cm
-3
 is 
observable at a depth of ~ 19 nm which also corresponds to the location of the 2DEG 
at the AlGaN/GaN heterointerface. 
 
Figure 5.21: Extracted from the CV characteristics, apparent carrier density profile of the circular 
GaN-on-Diamond HEMT. 
89 
 
Fig. 5.22 shows the trend of VTH as well as apparent carrier concentration 
with respect to temperature. The capacitance slightly increases when the temperature 
rises which is leading to the shift of VTH magnitude towards higher values. The 
temperature coefficients for the sheet carrier concentration and VTH are found to be ~ 
7 x 10
9
 cm
-2
/ 
0
C and - 2.8 mV/ 
0
C respectively. The increase in the sheet carrier 
concentration can be attributed to thermally generated carriers in bulk-regions of the 
heterostructure [114]. 
 
Figure 5.22: Variation of the apparent sheet carrier concentration and threshold voltage with respect 
to temperature (extracted from the CV measurements). 
 
5.4 Breakdown voltage measurements 
Off-state Breakdown Voltage (BVDSS) of the circular devices with and 
without SFP and with various gate-to-drain separations (LGD) was measured under 
Fluorinert ambient by using a Sony Tektronix 370 programmable curve tracer and a 
bench-top power supply. The bench-top power supply was used to bias the gate-to-
source voltage (VGS) of the HEMT at - 5V (Threshold Voltage VTH ~ - 3 V). The 
drain voltage was biased using the curve tracer by sweeping the voltage gradually 
(pulsed mode) from 0 V to the point of electrical breakdown. A simplified 
illustration of the setup has been shown in Fig. 5.23. 
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Figure 5.23: Simplified illustration of the setup for breakdown voltage measurements. 
Fig. 5.24 depicts the measured breakdown voltage values (destructive) of 
devices with and without SFP with respect to LGD. The BVDSS of devices without 
SFP and varying LGD changes only slightly ~ 550 - 600 V, which corresponds to the 
average breakdown field strength of ~ 0.18 MV/cm. The devices with SFP and LGD 
= 13 and 17 μm, show considerably higher BVDSS of ~ 800 V and 1100 V 
respectively. This corresponds to an average breakdown field strength of ~ 0.72 
MV/cm, illustrating the enhanced electric field management achieved with the SFP. 
It has to be noted that the circular devices fabricated in this work even without SFP 
still show quite high breakdown voltage which is in agreement with other published 
results for AlGaN/GaN HEMTs on SiC and sapphire substrates with similar 
circular/square gate design [71, 72]. This could be explained by better electric field 
distribution due to the circular gate design. For a linear layout device local crowding 
of the electric field might happen at the area where gate finger crosses mesa etch 
region, while for a circular device the electric field distributes uniformly along the 
gate contact [65, 99]. The GaN-on-Diamond epi-wafers used here were 
manufactured in late 2013 and the crystal quality is quite poor. Devices reported here 
represented the first-time that a power switching device has been made with GaN-
on-Diamond albeit with epitaxy designed for RF applications.  The performance 
shown here is expected to improve with epitaxy that has been better tailored for 
power electronic applications and improved crystal quality. 
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Figure 5.24: Breakdown voltage versus gate-to-drain drift length 
 
Figs. 5.25 (a)-(b) show photographs of the circular HEMTs without and with 
source field plate after breakdown evaluation. The corresponding breakdown region 
has been demarcated and the breakdown behaviour is destructive. 
 
Figure 5.25: Top view photographs of circular HEMTs after breakdown measurements: a) without 
field plate and LDG = 11 μm; b) with field plate and LDG = 17 μm (VBR ~ 1100 V). 
 
5.5 Conclusions 
This chapter provided the detailed electrical characterisation results of 
AlGaN/GaN HEMTs on CVD Diamond substrate. I-V characterisation results 
showed that the linear and circular devices have the same threshold voltage of 
around ~ -3 V. The specific on-state resistance of circular devices (RON.A= ~ 21 – 23 
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mΩ.cm2) is more than two times higher than that of linear devices (RON.A= ~ 8 – 10 
mΩ.cm2) which could be associated with the fabrication process. However, the off-
state leakage current of the circular devices is at least two orders of magnitude 
smaller than the leakage of the linear devices due to their self-enclosed structure. 
Furthermore, for a linear layout device local crowding of the electric field might 
happen at the area where gate finger crosses mesa etch region, while for a circular 
device the electric field distributes uniformly along the gate contact. Therefore, the 
circular design devices (with improved fabrication process) are better for high 
voltage applications. 
Fabricated circular AlGaN/GaN HEMTs with source field plate length of 3 
μm and gate-to-drain separation of 17 μm have demonstrated an off-state breakdown 
voltage of ~ 1100 V. The systematic measurements of output I-V, transfer I-V, off-
state breakdown voltage, capacitance – voltage characteristics and temperature 
characterisation results provide insights on the device performance and temperature 
dependence of the heterostructure characteristics. The GaN-on-Diamond epi-wafers 
used here were manufactured in late 2013. Devices reported here represented the 
first-time that a power switching device has been made with GaN-on-Diamond albeit 
with epitaxy designed for RF applications.  The performance shown here is expected 
to improve with epitaxy that has been better tailored for power electronic 
applications. 
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Chapter 6  
 
Optically-controlled AlGaN/GaN-based power transistor 
6.1 Introduction 
Optically controlled power semiconductor devices are promising candidates 
for high-power high-voltage applications. They provide key advantages over regular 
electrically controlled devices [73]. Firstly, controlling the power device by optical 
signal provides complete isolation between high voltage and low-voltage power 
stages. And secondly, there is no electromagnetic-interference of the control link 
between power stage and the controller [74]. The earlier studies on optically 
activated devices have been mainly concentrated on Si and GaAs-based devices. 
However, devices made from these materials have certain limitations such as 
breakdown voltage and current density. In comparison, wide direct bandgap GaN 
possess very attractive properties such as short carrier lifetime, high critical electric 
field strength and high optical absorption coefficient [75, 76]. 
This chapter will firstly provide a brief insight into the photogeneration 
phenomenon and the literature review on the photoconductive device, followed by 
proposition of a new concept of enhancement mode optically-controlled AlGaN/GaN 
based power transistor. Part of the discussions and results presented here has been 
published in the proceedings of ISPS 2014 [115]. 
6.2 Photogeneration phenomenon and photoconductive 
devices 
The operation of power semiconductor device (PSD) is realised by the 
controlled motion of charged particles inside it. To operate a PSD we have to 
interrupt the balance of the charge carrier density. This might be done by external 
thermal energy (thermionic emission), electrical field (electrical injection), optical 
beam (optical injection). Photoconductive PSDs are a part of a specific category of 
electronic semiconductor devices in which the initiation of charge carrier 
transportation is realised using optical energy [77]. 
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The operating principle of photoconductive PSDs is based on the 
photogeneration phenomenon. The illustration of this phenomenon is schematically 
shown in Fig. 6.1. Photogeneration is an action when an electron is excited to the 
conduction band from the valence band which is caused by an incident photon. 
Photogeneration can happen only if the energy of the photon hν (ν – light frequency 
and h – Planck’s constant) is higher than the semiconductor’s bandgap energy Eg and 
always occur as electron-hole pairs, because when an electron is excited from the 
valence band to the conduction band it always leaves behind a hole. These electron-
hole pairs take part in current conduction in the device and since they are generated 
by light incidence, the device is called a photoconductive device [73]. 
 
Figure 6.1: Illustration of photogeneration process caused by the incident photon [73]. 
 
6.3 Review of photoconductive devices in power electronics 
All of the photoconductive or optically triggered devices operate on the 
photogeneration phenomenon of excess charge carriers which interrupts the 
equilibrium of the carrier density inside semiconductor and leads to current 
conduction [77]. Power electronic applications require specific properties from a 
semiconductor device such as large current handling capacity, high reverse voltage 
blocking capability, low on-state voltage drop, precise controllability, and low 
opening and closing delays. Low surface and contact defect densities, low radiation 
hardness, good thermal stability are other demands for better reliability and for 
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extreme applications (space and military applications) [78]. In the following sections 
there is a review of the important optically triggered devices and their pros and cons 
as a semiconductor switch. 
6.3.1 A bulk optically controlled semiconductor switch (BOSS) 
The concept of optically controlled bulk switches is based on quenching and 
excitation of photoconductivity in the semiconductor and has been introduced in 
[79]. These copper-doped semi-insulating GaAs-based devices are bistable, that is to 
say they require control signal only to switch them off and on, and they don’t need 
the signal to keep the switch conducting [80]. They also don’t have any depletion 
layers, since the quenching and excitation of photoconductivity happens uniformly in 
the whole volume of the material. This switch is triggered on by laser light with 
wavelength λ = 1.06 μm to produce majority carrier current conduction with high 
photoconductive gain. Switching the device off can be done at any point of the 
conduction state by activating another laser with λ = 1.62 μm which stimulates the 
quenching of photoconductivity by fast free carrier recombination. Fall and rise 
times less than 10 nsec and conduction periods greater than 1 μsec are possible with 
GaAs-based inexpensive switches. Moreover, an arbitrary extension of the 
conduction time is possible by implementing multiple laser pulses with λ = 1.06 μm 
prior to a single conduction-terminating laser pulse. 
The main disadvantage of the BOSS is the requirement of two lasers with 
different wavelengths which increases cost and complexity. 
6.3.2 Light triggered thyristor 
A thyristor is a bistable, regenerative semiconductor switch which is used 
mainly for high-voltage direct current transmission systems. A light-triggered 
thyristor (LTT) is an elegant device for a lot of high power applications, since an 
LTT does not require most of thyristor level electronic parts which an electrically 
triggered thyristor (ETT) requires, resulting in more compact system design and 
higher reliability. Furthermore, the LTT has much better electromagnetic noise 
immunity and provides electrical isolation due to the nature of triggering signal [81].  
Optical triggering of the device is realised by localised illumination of an 
optical well which is located in the centre and surrounded by amplifying thyristor 
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and pilot thyristor structure. The generated pairs of electrons and holes driven by 
anode bias start a current flowing in the lateral direction from the illuminated area. 
This photocurrent switches on the pilot thyristor which subsequently starts the 
amplifying thyristor. The amplifying thyristor then drives the gate of the main 
device. Sometimes, several amplifying thyristors are used in relation to the device’s 
current requirements. Fig. 6.2 illustrates a schematic LTT structure with one optical 
gate and three amplifying gates [82]. 
Light triggered thyristors are usually made from III-V compounds such as 
InP, GaAs, AlGaAs, due to their higher radiation, temperature, and breakdown 
handling capability in comparison to silicon. Other advantages of these direct 
bandgap materials are better optical efficiency and possibility of heterostructures 
[83]. 
 
Figure 6.2: Schematic structure of a light triggered thyristor, with an optical gate, an integrated 
breakover diode, and three amplifying gates [82]. 
 
Whereas successful fabrication of LTTs and their use have been shown for 
pulsed power switching applications [84, 85, 86], there are several problems such as 
edge breakdown, surface degradation and defects in the base layer which can cause 
premature breakdown at voltages significantly lower than the ones  predicted by 
theory [86]. Another disadvantage of LTT is the fact that like most power thyristors, 
they are not suitable for rapid switching. 
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6.3.3 Light triggered MOSFET 
MOSFET as a unipolar device is a good choice for high frequency 
applications since there isn’t any storage delay introduced by minority carriers in 
unipolar conduction, as happens in the case of thyristor or BJT. Other advantages of 
MOSFET are good di/dt and dv/dt handling capabilities and a positive temperature 
coefficient, which leads to easier paralleling of devices when compared to thyristor 
or BJT, by eliminating the possibility of thermal runway [78]. 
The optical control of power MOSFETs is rarely studied. There are reports 
about optical switching of MOSFET [87, 88], but they are mainly focused on low 
power sensor or optical communication applications. Optically triggered power 
MOSFET simulation study has been reported in [89]. The structure of the reported 
device consists of Si DMOS, GaAs photoconductive switch and GaAs photodiode as 
demonstrated in Fig. 6.3. In order to turn on the device the GaAs-based photodiode 
is illuminated by optical pulse and photogenerated current starts to flow. This 
photocurrent charges the capacitance of the gate of the Si-based DMOS over the 
threshold voltage. In order to turn-off the device another optical pulse illuminates the 
GaAs-based photoconductive switch to alter its resistance and discharge the DMOS 
gate capacitance [93]. 
 
Figure 6.3: Schematic structure of optically activated power MOSFET, illustrating the activating 
avalanche photodiode, photoconductive switch, and MOSFET [73]. 
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6.3.4 Light triggered IGBT 
The IGBT is a bipolar device with higher current and voltage handling 
capability but lower operation frequency than MOSFET. However, its frequency of 
operation is much greater in comparison to a power BJT. In other words, IGBT is the 
device of choice for high current and voltage applications of relatively low 
frequency. An attempt to realise an optically triggered IGBT has been undertaken in 
[90] and the proposed device structure is shown in Fig. 6.4, a. 
 
Figure 6.4: Schematic structure of: a) optical IGBT [90]; b) OGBT [91]. 
 
GaAs-AlGaAs based optically activated lateral power devices were the result 
of further research [91]. Fig. 6.4, b shows the optically gated bipolar transistor 
(OGBT). It exhibits high device gain owing to optical base conductivity modulation. 
OGBT has better switching times than conventional electrically controlled power 
bipolar transistors owing to shorter carrier lifetime in GaAs than in silicon. 
6.3.5 Optically-triggered GaN-AlN-(4H)SiC vertical PSD 
The earlier research on optically triggered devices has concentrated mainly 
on GaAs and Si-based devices. GaAs and Si are the materials of choice because of 
the good optical absorption coefficient and direct bandgap of the former and low cost 
of the latter. However, devices based on these materials have certain limitations such 
as low current-density and breakdown voltage because of the low thermal 
conductivity and bandgap of these materials. GaN and SiC are the semiconductor 
materials with very attractive properties including large bandgap energies, high 
breakdown fields, and high thermal conductivities. Moreover, the GaN material has 
short (sub-nanosecond) carrier lifetime and good optical absorption coefficient α (the 
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values of α at 300 k and 3.42 eV is around 0.8 – 4 × 105 cm-1) [76, 92, 123, 124]. 
Recently an optically triggered thyristor based on SiC material has been proposed. 
The thyristor structure has been chosen due to its high gain which somewhat offsets 
the low optical absorption coefficient of SiC thereby preventing the necessity in an 
expensive high-power short-wavelength laser. Unfortunately, the thyristor structure 
is not suitable for high frequency applications due to its inefficient turn-off 
characteristics. Recently, a new optically-activated GaN-AlN-(4H)SiC-based vertical 
PSD was proposed and the simulation results have been reported in [75]. The 
structure of the device is shown in Fig. 6.5. In order to benefit from thermal 
conductivity of SiC and good light absorption of GaN an attempt to synthesize these 
two materials has been made. So as to decrease the lattice mismatch between SiC 
and GaN a 1 nm thick AlN-buffer layer is introduced. To turn on or off the device an 
optical pulse with an intensity of 15 W/cm
2
 and a wavelength of 350 nm is used. 
According to the published results the gain of the device is 190 (which is the ratio 
between collector current and generated photocurrent). However, the electron 
mobilities of bulk GaN and SiC are relatively low (~ 900 cm
2/V∙s and ~ 700 cm2/V∙s 
respectively) which is a significant disadvantage [92, 98]. To push these values up 
for GaN the good approach is to take the benefit of the two-dimensional electron gas 
(2DEG) at the AlGaN/GaN heterojunction. The mobility of 2DEG is commonly 
around 1200 – 2000 cm2/V∙s at room temperature which can be beneficial for both 
high-power and high-frequency applications [92, 98]. 
 
Figure 6.5: Optically triggered GaN-AlN-(4H)SiC vertical PSD [75]. 
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6.3.6 Conclusion of the photoconductive devices review 
The optically activated power semiconductor switches in power electronics 
have their advantages and disadvantages. One of the main advantages is complete 
isolation between high voltage and low-voltage power stages. Another, that there is 
no electromagnetic-interference of the control link between power stage and the 
controller [74]. The main disadvantage is the difficulty to design a high voltage 
device with small conduction losses and high current gain. The result is that there is 
no broadly used, commercially available optically-activated (controlled) power 
semiconductor device for power switching applications. 
6.4 The novel optically controlled AlGaN/GaN-based PSD 
The optically controlled device should have following properties [94]: 
 Fast response speed, particularly lowest possible turn-on delay, and rise time, 
fast turn-off speed and low turn-off delay; 
 Good responsivity to light so that small optical-triggering power can 
modulate the conductivity by large amount; 
 Ability to handle large peak current which may flow through the device 
during turn-on and turn-off transient (for instance, to charge/discharge the 
input capacitance of a large current rated PSD); 
 Ability to sustain large peak voltage for short time that may result during 
rapid transients of voltage and current changes in the PSD being coupled 
though parasitic capacitances. 
These desired attributes presume that the material of the device has high 
optical absorption coefficient or be optically efficient and the device structure should 
have a high internal gain. Also, rapid response - requires a material with short 
minority carrier lifetime. GaN is a wide bandgap material with high breakdown field. 
Moreover, GaN has low carrier lifetime and good optical absorption coefficient [76, 
92]. Another, very interesting property of GaN material is the possibility to create 
heterostructures with materials of wider bandgap such as AlGaN. As a result, a two-
dimensional electron gas (2DEG) can be formed at the interface of such 
heterostructure. The 2DEG mobility is commonly around 1200 – 2000 cm2/V∙s at 
room temperature which can be beneficial for both high-power and high-frequency 
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applications [92, 98]. All these properties make the GaN material a great candidate 
for optically triggered devices. 
6.4.1 Device structure and operating principle 
Fig. 6.6 shows cross-sectional schematics of the enhancement mode 
AlGaN/GaN-based optically controlled transistor (OCT). This is a lateral device with 
drain and source metal electrodes. In order to benefit from 2DEG formation, there is 
a thin AlGaN barrier layer on top of the GaN buffer layer, which is covered by an 
anti-reflective SiN coating in order to reduce reflection of light. The key part of the 
structure is a p-doped GaN region which locally depletes 2DEG channel and makes 
the device normally-off (Fig. 6.6, a). The main issue associated with the device 
design is p-GaN region. As in most wide-band-gap nitride and oxide materials, GaN 
can be easily doped n type but is difficult to dope p type. The insufficient hole 
concentration in p-type III-nitride compounds still remains one of the obstacles in 
achieving high-performance semiconductor devices. The low hole concentration in 
Mg-doped p-type GaN primarily results from [125]: 
 The low solubility for Mg; 
 The formation of compensating deep defects due to the heavy Mg doping; 
 The large acceptor activation energies (~125-215 meV for Mg in GaN). 
For these reasons, the hole concentration in uniformly Mg-doped GaN grown 
by metal organic chemical vapor deposition (MOCVD) method is generally difficult 
to exceed 1×10
18
 cm
-3
 [125]. 
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Figure 6.6: Schematic structure of the AlGaN/GaN OCT: a) 2DEG channel depleted by p-doped 
region; b) electron-hole plasma generation under illumination leads to channel recovery. 
 
The operating principle of the AlGaN/GaN OCT is based on the 
photogeneration phenomenon [77, 95]. When the triggering light signal falls on the 
surface of the device it is absorbed in the optical window region, then penetrates 
through AlGaN barrier layer into the depletion region where it generates electron-
hole pairs due to photogeneration phenomenon (Fig. 6.6, b). Further, the generated 
electrons are shifted towards the drain due to applied voltage and thereby the device 
shifts to the on-state. The generated holes stay around the p-doped body because 
their mobility is at least two orders of magnitude smaller than mobility of the 
electrons. If the light beam is sustained, then the channel resistivity of the device 
remains low and the device stays in the on-state. When the optical beam is off, the 
charge carriers start to recombine and the device returns to off-state condition with 
highly resistive channel. 
6.4.2 Simulation results 
The simulation of the device was carried out in physics-based two-
dimensional numerical simulator package Silvaco ATLAS. LUMINOUS platform 
was used for the modelling of the optical pulse. The structure used for simulation is 
shown in Fig. 6.6, a. To switch the device on and off an optical pulse with a 
wavelength of 350 nm and power intensity of 7 W/cm
2
 is incident on the surface of 
optical window above the p-doped region (Fig. 6.7). 
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Figure 6.7: Light beam with an intensity of 7 W/cm
2
 and a wavelength of 350 nm used to turn the 
PSD on or off. 
 
Fig. 6.8 shows the photogeneration in the optically-controlled AlGaN/GaN-
based transistor. Despite the fact that photogeneration gradually reduces with GaN 
depth it still has a high value within 500 nm. Fig. 6.9 shows that the photocurrent 
available in the structure is very high and almost equal to the source photocurrent 
which is due to the good optical absorption coefficient of GaN [75]. 
 
Figure 6.8: Simulated photogeneration rate in optically-controlled AlGaN/GaN-based PSD. 
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Figure 6.9: Photogenerated current in optically-controlled AlGaN/GaN-based PSD. 
 
Figs. 6.10 (a)-(b) demonstrate electron concentration during off and on 
periods of the device operation respectively. It can be seen that the 2DEG is 
completely depleted above the p-doped GaN region (Fig. 6.10, a), and when the light 
beam is incident on the surface of the device electron-hole pairs are generated and 
the device goes to the on-state (Fig. 6.10, b). 
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Figure 6.10: Electron concentration during: a) off-state condition; b) on-state condition (application 
of optical beam). 
 
The simulation reveals that the optically-controlled AlGaN/GaN-based PSD 
has good switching characteristics with rise and fall times of ~ 0.4 and ~ 0.3 μsec 
respectively (Fig. 6.11). The device has low fall and rise times because of short 
carrier lifetime and good optical absorption coefficient of GaN respectively [75]. 
 
Figure 6.11: Drain current variation with time of optically-controlled AlGaN/GaN-based PSD. 
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Fig. 6.12 shows drain current – optical intensity characteristic of the device. 
The threshold optical power of the device is found to be ~ 500 mW/cm
2
. Fig. 6.13 
demonstrates drain current – drain voltage characteristics with respect to optical 
intensity. 
 
Figure 6.12: Drain current – light intensity characteristic (VD = 1 V) of the device. 
 
Figure 6.13: ID - VD characteristic of the optically-controlled AlGaN/GaN-based PSD. 
 
Fig. 6.14 shows how the gain of the optically-controlled AlGaN/GaN-based 
PSD varies with intensity of the applied light. The device exhibits maximum current 
gain of ~ 970 at the light intensity of ~ 7 W/cm
2
. 
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Figure 6.14: Current gain variation with intensity of the applied light beam. 
 
The main element of the design of optically-controlled AlGaN/GaN PSD is 
the p-doped GaN region, the geometry (i.e. length, thickness) of which is critical for 
device performance. Figs. 6.15 (a)-(b) show how the breakdown voltage and gain of 
the device varies with thickness of p-doped GaN region (tP-GaN). The breakdown 
voltage of the device initially increases and then saturates at tP-GaN ~ 500 nm, while 
the gain dramatically decreases with tP-GaN. It can be attributed to the higher 
resistance of the channel between AlGaN barrier layer and p-doped GaN region with 
increased tP-GaN [96]. 
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Figure 6.15: (a) Variation of breakdown voltage with thickness of p-doped GaN region; (b) Variation 
of gain with thickness of p-doped GaN region. 
 
Figs. 6.16 (a)-(b) show how the breakdown voltage and gain of the device 
varies with length of p-doped GaN region (LP-GaN). The breakdown voltage of the 
device initially increases and then saturates at LP-GaN ~ 3 μm, while the gain 
gradually decreases with LP-GaN. The reduction in gain can be attributed to larger 
photocurrent due to increase in area which has to be illuminated [96]. 
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Figure 6.16: (a) Variation of breakdown voltage with length of p-doped GaN region; (b) Variation of 
gain with length of p-doped GaN region. 
 
6.5 Conclusion 
The purpose of this chapter was to present a new idea of the optically-
controlled AlGaN/GaN-based power semiconductor device through the simulation 
study. The typical structure comprises a 20 nm of undoped Al0.23Ga0.77N barrier 
layer, a 1.1 μm undoped-GaN buffer layer and a p-doped region (to locally deplete 
the electron channel and ensure a normally-off operation). The simulation study 
shows that the gain and the breakdown voltage of the device are highly dependent on 
the depth of the p-doped region. At a particular depth of the p-doped region of 500 
nm the gain of the device is 970 (at light intensity of 7 W/cm
2
) and the breakdown 
voltage is ~ 350 V. The rise and fall times of the device is found to be 0.4 μsec and 
0.3 μsec respectively. Based on simulation results the device has good switching 
characteristics and high gain, but the breakdown voltage is not very high. However, 
the breakdown voltage of the device could be enhanced by implementing 
Polarization Super Junction concept as shown in [96, 97]. 
The main challenge in the fabrication of an optically-controlled AlGaN/GaN-
based power semiconductor device is the formation of p-GaN region. Current limits 
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of hole concentration on Mg doping in c-plane GaN is about 1×10
18
 cm
-3
 due to (i) 
the low solubility for Mg, (ii) the formation of compensating deep defects due to the 
heavy Mg doping, and (iii) the large acceptor activation energies (~125-215 meV for 
Mg in GaN). However, the work in order to improve the hole concentration is 
actively going on and recently hole concentration on Mg-doped p-type GaN of 
1.5×10
18
 cm
-3
 has been achieved [125]. 
In general, the results obtained from the simulation clearly indicate that the 
optically-controlled AlGaN/GaN-based PSD can be a good candidate for advanced 
power electronics if the p-type GaN with sufficient hole concentration would be 
achieved. 
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Chapter 7  
 
Conclusion and Future work 
7.1 Conclusion 
The aim of this thesis is to provide new approaches for AlGaN/GaN-based 
optical and power devices. One of the major demands of the continual development 
of power electronics is power density, therefore the major focus of this work was on 
the GaN-on-Diamond technology. All the work which has been done up-to-date on 
GaN-on-Diamond substrates has been focusing on RF applications. In this work an 
effort to realise the first high-voltage GaN-on-Diamond power device was 
undertaken. 
The realisation of high-voltage GaN-on-Diamond HEMTs was split into three 
parts which are: device simulation, device design, device fabrication and electrical 
characterisation. 
The device simulation has provided an insight on the operating principle, 
electrical characteristics, and off-state electric field profile along the channel on the 
verge of breakdown of a typical AlGaN/GaN HEMT by means of physics-based 
simulation study. The electrical simulation results indicate that the device has 
threshold voltage of ~ -3 V, specific on-state resistance of ~ 9.5 mΩ.cm2. The 
breakdown voltage simulation reveals that the off-state breakdown voltage of the 
device can be increased with inclusion of source field plate. It has been demonstrated 
that the breakdown voltage initially increases with FP length and then saturates at 
LFP = ~ 4 μm (VBR = ~1100 V). In order to overcome this limitation a novel non-
uniform field plate structure was proposed. The breakdown voltage of the device 
with non-uniform FP (LFP = 11 μm) is found to be ~ 1800 V compared to VBR = ~ 
1200 V for a device with uniform FP of the same length. 
The design and fabrication method of GaN-on-Diamond HEMTs was also 
provided in this thesis. The device design was based on the data obtained from the 
simulation. The fabricated devices include conventional GaN-on-Diamond HEMTs 
in circular and linear form with and without field plates as well as bidirectional 
transistors. 
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The detailed electrical characterisation results of AlGaN/GaN HEMTs on 
CVD Diamond substrate are also given. I-V characterisation results showed that the 
linear and circular devices have the same threshold voltage of around ~ -3 V. The 
specific on-state resistance of circular devices (RON.A= ~ 21 – 23 mΩ.cm
2
) is more 
than two times higher that of circular devices (RON.A= ~ 8 – 10 mΩ.cm
2
) which 
could be associated with the fabrication process. However, the off-state leakage 
current of the circular devices is at least two orders of magnitude smaller than the 
leakage of the linear devices due to their self-enclosed structure. Furthermore, for a 
linear layout device local crowding of the electric field might happen at the area 
where gate finger crosses mesa etch region, while for a circular device the electric 
field distributes uniformly along the gate contact. Therefore, the circular device 
design devices (with improved fabrication process) are better for high voltage 
applications. 
Fabricated circular AlGaN/GaN HEMTs with source field plate length of 3 
μm and gate-to-drain separation of 17 μm have demonstrated an off-state breakdown 
voltage of ~ 1100 V. The systematic measurements of output I-V, transfer I-V, off-
state breakdown voltage, capacitance – voltage characteristics and temperature 
characterisation results provide insights on the device performance and temperature 
dependence of the heterostructure characteristics. The GaN-on-Diamond epi-wafers 
used here were manufactured in late 2013. Devices reported here represented the 
first-time that a power switching device has been made with GaN-on-Diamond albeit 
with epitaxy designed for RF applications.  The performance shown here is expected 
to improve with epitaxy that has been better tailored for power electronic 
applications. 
Moreover, an innovative approach for an optically-controlled AlGaN/GaN-
based power semiconductor device was introduced through simulation study. The 
typical structure comprises a 20 nm of undoped Al0.23Ga0.77N barrier layer, a 1.1 μm 
undoped-GaN buffer layer and a p-doped region (to locally deplete the electron 
channel and ensure a normally-off operation). The simulation study shows that the 
gain and the breakdown voltage of the device are highly dependent on the depth of 
the p-doped region. At a particular depth of the p-doped region of 500 nm the gain of 
the device is 970 (at light intensity of 7 W/cm
2
) and the breakdown voltage is ~ 350 
V. The rise and fall times of the device is found to be 0.4 μsec and 0.3 μsec 
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respectively. Based on simulation results the device has good switching 
characteristics and high gain, but the breakdown voltage is not very high. However, 
the breakdown voltage of the device could be enhanced by implementing 
Polarization Super Junction concept as shown in [96, 97]. 
The main challenge in the fabrication of an optically-controlled AlGaN/GaN-
based power semiconductor device is the formation of p-GaN region. Current limits 
of hole concentration on Mg doping in c-plane GaN is about 1×10
18
 cm
-3
 due to (i) 
the low solubility for Mg, (ii) the formation of compensating deep defects due to the 
heavy Mg doping, and (iii) the large acceptor activation energies (~125-215 meV for 
Mg in GaN). However, the work in order to improve the hole concentration is 
actively going on and recently hole concentration on Mg-doped p-type GaN of 
1.5×10
18
 cm
-3
 has been achieved [125]. 
In general, the results obtained from the simulation clearly indicate that the 
optically-controlled AlGaN/GaN-based PSD can be a good candidate for advanced 
power electronics if the p-type GaN with sufficient hole concentration would be 
achieved. 
7.2 Future work 
The work carried out in this thesis can provide the foundation for further 
investigations. The key areas of future work could be summarised as follows: 
a) Investigation of increased buffer leakage current.  
Although, it is clear that the buffer leakage current of the fabricated devices 
in this work was increased after the deposition of thick SiO2 layer, it is necessary to 
investigate this issue and find the ways to prevent it. Also the increase in buffer 
leakage can be associated with the GaN-on-diamond crystal quality. Therefore it is 
very important to conduct extensive crystal quality tests. 
b) Experimental demonstration of HEMTs with non-uniform field plate. 
The simulation results have shown that the devices with non-uniform field 
plate structure can significantly outperform the devices with conventional field plate 
by increasing breakdown voltage. However, it is essential to prove this concept 
through experimental tests. As it was shown in Sections 5.2.4 – 5.2.5 the device with 
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non-uniform field plate were fabricated, but due to high buffer leakage it was not 
possible to measure the breakdown voltage of these devices. The GaN-on-Diamond 
epi-wafers used here were manufactured in late 2013 with epitaxy designed for RF 
applications.  Therefore it is important to fabricate devices with epitaxy that has been 
better tailored for power electronic applications.  
c) Thermal characterisation and reliability test 
It is very important to investigate the thermal behaviour of the fabricated 
devices, and measure such parameters as thermal resistance and variation of the 
channel temperature with respect to power density. Although, our preliminary tests 
showed that the devices do not suffer from current collapse, the more profound 
reliability tests are required. The results presented in this work are based on static 
electrical characterisation of small area device test structures. In order to effectively 
evaluate dynamic characteristics as well as reliability, it is necessary to scale-up 
device test structures to large area devices. Also it is important to show dynamic 
characterisation and detailed reliability comparison with the state-of-the-art GaN-on-
Si, GaN-on-SiC devices. 
d) Experimental demonstration of optically-controlled AlGaN/GaN-
based power transistors. 
The simulation study of the proposed new concept of optically-controlled 
AlGaN/GaN-based PSD has shown that these devices could be very promising for 
power electronic applications. Therefore, it is essential to continue investigation in 
this direction via device fabrication and experimental characterisation. The main 
challenge in the fabrication of an optically-controlled AlGaN/GaN-based power 
semiconductor device is the formation of p-GaN region. Current limits of hole 
concentration on Mg doping in c-plane GaN is about 1×10
18
 cm
-3
. However, the 
work in order to improve the hole concentration is actively going on and recently 
hole concentration on Mg-doped p-type GaN of 1.5×10
18
 cm
-3
 has been shown. In 
order to prove the concept of the optically-controlled AlGaN/GaN-based PSD the 
device with not optimum parameters (p-GaN region with lower hole concentration) 
can be fabricated and experimentally characterised. 
  
115 
 
Appendix – 1: List of Publications 
Journal Publications: 
 Baltynov, T., Unni, V., and EM Sankara Narayanan. "The World’s First 
High Voltage GaN-on-Diamond Power Semiconductor Devices." Solid-state 
electronics, 2016 (accepted for publication). 
Conference Publications: 
 Baltynov, T., and EM Sankara Narayanan. "Simulation Study of 
AlGaN/GaN-based Optically-controlled Power Transistor." in Proc. ISPS, 
Prague, Czech Republic, 2014. 
 Baltynov, T., Unni, V., and EM Sankara Narayanan. "Fabrication and 
Characterization of bidirectional GaN-on-Diamond HEMTs." in Proc. 
UKNC, Sheffield, UK, 2015. 
 Baltynov, T., Unni, V., and EM Sankara Narayanan. "The World’s First 
High Voltage GaN-on-Diamond Power Devices." in Proc. ESSDERC, Graz, 
Austria, 2015. 
Patent: 
 Baltynov, T., and EM Sankara Narayanan. "Optically controlled devices." 
WIPO Patent Application WO/2016/027100, Feb 25, 2016. 
 
 
  
116 
 
Appendix – 2: List of Figures 
Figure 1.1: Power device technology positioning with respect on voltage range [4]. . 2 
Figure 1.2: GaN-on-Diamond and targeted applications. ............................................ 2 
Figure 1.3: Illustration of the cross-sectional schematic of a typical GaN-based 
HEMT. ......................................................................................................................... 6 
Figure 1.4: Schematic illustration of conduction band diagram of an AlGaN/GaN 
heterojunction. .............................................................................................................. 7 
Figure 2.1: Correlation between the anion-cation bond length and band gap energy 
for most commonly used semiconductor materials [6]. ............................................. 12 
Figure 2.2: Illustration of the hexagonal Wurtzite structure for GaN with (a) N-polar 
face and (b) Ga-polar face. ......................................................................................... 13 
Figure 2.3: Schematic structure of a Ga-face AlGaN/GaN heterostructure with 
indicated polarization induced charges and directions of piezoelectric and 
spontaneous polarisation [11]. ................................................................................... 15 
Figure 2.4: Schematic illustration of current-voltage characteristics of a GaN-based 
HEMT. Inset: common source configuration............................................................. 20 
Figure 2.5: Schematic representation of I-V characteristics with a load line drawn to 
maximize the area of  the power triangle shown by dotted lines [33]. ...................... 22 
Figure 2.6: Illustration of the current collapse: a) GaN-HEMT with no external field 
applied; b) a negative voltage is applied to the gate. ................................................. 23 
Figure 2.7: Illustration of the simplified electric filed distribution beneath the gate in 
AlGaN/GaN HEMT. .................................................................................................. 25 
Figure 2.8: Peak channel temperatures of GaN-on-SiC and GaN-on-Diamond 
HEMTs with gate width of 2x10 μm [107]. ............................................................... 31 
Figure 3.1: Cross-sectional schematic of the simulated AlGaN/GaN HEMT (gate 
width WG = 50 μm). ................................................................................................... 34 
Figure 3.2: Mesh of the simulated structure (see Fig. 3.1). ....................................... 34 
Figure 3.3: Energy band diagram and electron concentration of the simulated 
AlGaN/GaN HEMT. .................................................................................................. 35 
Figure 3.4: Simulated transfer current-voltage characteristic of the GaN-based 
HEMT (Fig. 3.1) ........................................................................................................ 35 
Figure 3.5: Simulated output current-voltage characteristics of the GaN-based 
HEMT (Fig. 3.1) ........................................................................................................ 36 
117 
 
Figure 3.6: Electron concentration schematics of the simulated AlGaN/GaN HEMT 
at different VGS. .......................................................................................................... 36 
Figure 3.7: Distribution of the electric field at the moment of device breakdown. ... 37 
Figure 3.8: Simulated distribution of the electric field along the electron channel of 
the GaN HEMT on the verge of the device breakdown. ............................................ 38 
Figure 3.9: Simulated off-state ID - VD characteristic. ............................................... 38 
Figure 3.10: Image from Silvaco Atlas showing spreading of the electric field at the 
moment of breakdown of the devices with SFPs (LDG = 17 μm). ............................. 40 
Figure 3.11: Simulated electric field distribution along the channel at the moment of 
the off-state breakdown of devices with SFPs (LDG = 17 μm). .................................. 40 
Figure 3.12: Off-state I – V curves for the simulated AlGaN/GaN HEMTs with 
source field plates. ...................................................................................................... 41 
Figure 3.13: Variation of breakdown voltage with respect to length of source field 
plate (LFP). Inset: simulated device structure. ............................................................ 41 
Figure 3.14: Image from Silvaco Atlas showing spreading of the electric field at the 
moment of breakdown of the devices with different LDG. (LFP = 4 μm).................... 42 
Figure 3.15: Simulated electric field distribution along the channel at the moment of 
the off-state breakdown of devices with different LDG (LFP = 4 μm). ........................ 43 
Figure 3.16: Off-state I – V curves for the simulated AlGaN/GaN HEMTs with 
different LDG (LFP = 4 μm). ........................................................................................ 43 
Figure 3.17: Variation of breakdown voltage with respect to drain-to-gate distance. 
Inset: simulated device structure. ............................................................................... 44 
Figure 3.18: A) Schematic illustration of a GaN-based HEMT with non-uniform 
source field plate; B) view from the top. ................................................................... 45 
Figure 3.19: Image from Silvaco Atlas showing the electric field distribution at the 
moment of off-state breakdown of the device with non-uniform source field plate 
(LFP = 11 μm). ............................................................................................................ 45 
Figure 3.20: Simulated electric field distribution along the channel at the moment of 
the off-state breakdown of the device with non-uniform source field. ...................... 46 
Figure 3.21: Comparison of the off-state I – V characteristics of the GaN HEMTs 
with non-uniform source field plate and uniform source field plate. ......................... 46 
Figure 4.1: Screen shot of the photomask layout. ...................................................... 48 
118 
 
Figure 4.2: Layouts and cross-sectional schematics of linear GaN-based HEMTs: a) 
without any FP, b) with source FP, c) with source and drain FPs, d) with non-
uniform source FP, e) with non-uniform source FP and drain FP. ............................ 51 
Figure 4.3: Layouts and cross-sectional schematics of bidirectional GaN-based 
HEMTs: a) without FPs, b) with FPs. ........................................................................ 52 
Figure 4.4: Layouts and cross-sectional schematics of circular GaN-based HEMTs: 
a) without source FP, b) with source FP .................................................................... 53 
Figure 4.5: a) Epi-layer structure of the GaN-on-diamond sample; b) top view 
photograph of the epi-wafer ....................................................................................... 54 
Figure 4.6: Alignment sequence and alignment tolerance. ........................................ 56 
Figure 4.7: Alignment marks for the second and third photomasks: a) layout in IC 
station; b) processed. .................................................................................................. 57 
Figure 4.8: Sample morphology after mesa isolation etch step on the example of 
linear HEMT with uniform source field plate: a) 3D schematic illustration and b) 
part of actual sample. ................................................................................................. 59 
Figure 4.9: Metal alignment marks for the fourth and fifth photomasks: a) layout in 
IC station; b) processed. ............................................................................................. 60 
Figure 4.10: Schematics of sample morphology after: a) SiO2 (100 nm) deposition; 
b) SiO2 / SiN etch from the active area; c) actual devices after RIE etching. ............ 61 
Figure 4.11: Sample after source and drain contacts formation: a) 3D schematics; b) 
actual device; c) active area before RTA, and d) active area after RTA. .................. 62 
Figure 4.12: Typical plot of total contact to contact resistance as a function of  to 
obtain specific contact resistivity of Ohmic contact electrodes. ................................ 63 
Figure 4.13: TLM pattern used to estimate the ohmic contact parameters. ............... 63 
Figure 4.14: I – V characteristics measured between adjacent contacts of TLM 
pattern. ........................................................................................................................ 64 
Figure 4.15: Plot of total contact to contact resistance versus distance between 
contacts. ...................................................................................................................... 64 
Figure 4.16: Sample after Schottky gate formation: a) 3D schematics. b) Actual 
device. ........................................................................................................................ 65 
Figure 4.17: Initial transistor characterisation: a) transfer I – V characteristics; b) 
output I – V characteristics. ....................................................................................... 66 
Figure 4.18: Sample after: a) SiN (50 nm) blanket deposition; b) SiO2 (450 nm) 
blanket deposition ...................................................................................................... 67 
119 
 
Figure 4.19: Sample after etching SiN / SiO2 from the pad areas.............................. 68 
Figure 4.20: Schematic illustration of the sample after field plate formation (on the 
example of a linear device with single uniform field plate). ..................................... 68 
Figure 4.21: Schematic illustration of the sample after additional metallization of the 
pad areas. .................................................................................................................... 69 
Figure 4.22: Sample after: a) SiO2 (1000 nm) blanket deposition; b) etching SiO2 
from the pad areas. ..................................................................................................... 70 
Figure 5.1: Fabricated linear GaN-on-Diamond HEMT (top view photograph). ...... 72 
Figure 5.2: Output current-voltage characteristic of the linear GaN-based HEMT 
with LDG = 17 μm ....................................................................................................... 73 
Figure 5.3: Transfer current-voltage characteristic of the linear GaN HEMT with LDG 
= 17 μm. ..................................................................................................................... 74 
Figure 5.4: Fabricated linear GaN-on-Diamond HEMT with source field plate (top 
view photograph). ...................................................................................................... 74 
Figure 5.5: Electrical characteristics of the GaN-on-Diamond HEMT with LDG = 17 
μm and SFP LFP = 11 μm: a) output I-V; b) transfer I-V ........................................... 75 
Figure 5.6: Fabricated linear GaN-on-Diamond HEMT with source and drain field 
plates (top view photograph). ..................................................................................... 76 
Figure 5.7: I – V characteristics of the device with LDG = 17 μm, source field plate 
LSFP = 11 μm, and drain field plate LDFP = 2.5 μm: a) output; b) transfer. ................ 77 
Figure 5.8: Fabricated linear GaN-on-Diamond HEMT with non-uniform source 
field plate (top view photograph). .............................................................................. 77 
Figure 5.9: I – V characteristics of the device with LDG = 17 μm and non-uniform 
source field plate LFP = 11 μm: a) output; b) transfer. ............................................... 78 
Figure 5.10: Fabricated linear AlGaN/GaN HEMT with non-uniform source field 
plate and drain field plate (top view photograph). ..................................................... 79 
Figure 5.11: I – V characteristics of the device with LDG = 17 μm, non-uniform 
source field plate LSFP = 11 μm, and drain field plate LDFP = 11 μm: a) output; b) 
transfer........................................................................................................................ 80 
Figure 5.12: Fabricated bidirectional AlGaN/GaN HEMT (top view photograph). .. 81 
Figure 5.13: Electrical characteristics of the bidirectional HEMT: a) transfer I-V; b) 
output I-V. .................................................................................................................. 82 
Figure 5.14: Fabricated circular AlGaN/GaN HEMT (top view photograph). .......... 83 
120 
 
Figure 5.15: I – V characteristics of the circular HEMT with LDG = 17 μm: a) output; 
b) transfer. .................................................................................................................. 84 
Figure 5.16: Fabricated circular GaN-on-Diamond HEMT with source field plate 
(top view photograph). ............................................................................................... 84 
Figure 5.17: I – V characteristics of the circular HEMT with LDG = 17 μm and source 
field plate LSFP = 3 μm: a) output; b) transfer. ........................................................... 85 
Figure 5.18: Output I-V characteristics of the linear GaN-based HEMT (without field 
plate) with respect to temperature. ............................................................................. 86 
Figure 5.19: Specific on-state resistance (at VDS = 2V and VGS = 0V) and drain 
saturation current (at VDS = 4V and VGS = 0V) of a conventional AlGaN/GaN HEMT 
(without field plate) with respect to temperature. ...................................................... 87 
Figure 5.20: Capacitance – voltage characteristics of a high voltage circular 
AlGaN/GaN HEMT performed at various temperatures. .......................................... 88 
Figure 5.21: Extracted from the CV characteristics, apparent carrier density profile 
of the circular GaN-on-Diamond HEMT. .................................................................. 88 
Figure 5.22: Variation of the apparent sheet carrier concentration and threshold 
voltage with respect to temperature (extracted from the CV measurements). ........... 89 
Figure 5.23: Simplified illustration of the setup for breakdown voltage 
measurements. ............................................................................................................ 90 
Figure 5.24: Breakdown voltage versus gate-to-drain drift length ............................ 91 
Figure 5.25: Top view photographs of circular HEMTs after breakdown 
measurements: a) without field plate and LDG = 11 μm; b) with field plate and LDG = 
17 μm (VBR ~ 1100 V). .............................................................................................. 91 
Figure 6.1: Illustration of photogeneration process caused by the incident photon 
[73]. ............................................................................................................................ 94 
Figure 6.2: Schematic structure of a light triggered thyristor, with an optical gate, an 
integrated breakover diode, and three amplifying gates [82]. .................................... 96 
Figure 6.3: Schematic structure of optically activated power MOSFET, illustrating 
the activating avalanche photodiode, photoconductive switch, and MOSFET [73]. . 97 
Figure 6.4: Schematic structure of: a) optical IGBT [90]; b) OGBT [91]. ................ 98 
Figure 6.5: Optically triggered GaN-AlN-(4H)SiC vertical PSD [75]. ..................... 99 
Figure 6.6: Schematic structure of the AlGaN/GaN OCT: a) 2DEG channel depleted 
by p-doped region; b) electron-hole plasma generation under illumination leads to 
channel recovery. ..................................................................................................... 102 
121 
 
Figure 6.7: Light beam with an intensity of 7 W/cm
2
 and a wavelength of 350 nm 
used to turn the PSD on or off. ................................................................................. 103 
Figure 6.8: Simulated photogeneration rate in optically-controlled AlGaN/GaN-
based PSD. ............................................................................................................... 103 
Figure 6.9: Photogenerated current in optically-controlled AlGaN/GaN-based PSD.
 .................................................................................................................................. 104 
Figure 6.10: Electron concentration during: a) off-state condition; b) on-state 
condition (application of optical beam). .................................................................. 105 
Figure 6.11: Drain current variation with time of optically-controlled AlGaN/GaN-
based PSD. ............................................................................................................... 105 
Figure 6.12: Drain current – light intensity characteristic (VD = 1 V) of the device.
 .................................................................................................................................. 106 
Figure 6.13: ID - VD characteristic of the optically-controlled AlGaN/GaN-based 
PSD. ......................................................................................................................... 106 
Figure 6.14: Current gain variation with intensity of the applied light beam. ......... 107 
Figure 6.15: (a) Variation of breakdown voltage with thickness of p-doped GaN 
region; (b) Variation of gain with thickness of p-doped GaN region. ..................... 108 
Figure 6.16: (a) Variation of breakdown voltage with length of p-doped GaN region; 
(b) Variation of gain with length of p-doped GaN region. ...................................... 109 
 
 
 
 
 
 
 
 
 
 
 
 
122 
 
Appendix – 3: List of Tables 
Table 1.1: Properties of most commonly used semiconductors for high frequency 
and high power electronic applications [6]. ................................................................. 4 
Table 1.2: Figures of merit of frequently used semiconductors for high frequency 
and high power electronic applications [6]. ................................................................. 5 
Table 2.1: Properties of various substrate materials used for c-plane GaN 
semiconductors [55] ................................................................................................... 28 
Table 3.1: List of models and numerical methods used in the simulation script [63].
 .................................................................................................................................... 33 
Table 4.1: List of the fabricated GaN-on-Diamond HEMTs. .................................... 49 
Table 5.1: Key results of electrical characterisation. ................................................. 80 
 
  
123 
 
References 
[1] Khan, M. Asif, A. Bhattarai, J. N. Kuznia, and D. T. Olson. "High electron 
mobility transistor based on a GaN‐AlxGa1−xN heterojunction." Applied 
Physics Letters 63, no. 9 (1993): 1214-1215. 
[2] Bahl, Inder. Fundamentals of RF and microwave transistor amplifiers. John 
Wiley & Sons, 2009. 
[3] IndustryARC, Gallium Nitride (GaN) Substrates Market Analysis: By Type 
(GaN on sapphire, GaN on Si, GaN on SiC, GaN on GaN); By Products (Blu-
ray Disc (BD), LEDs, UV LEDs); By Industry (Consumer Electronics, 
Telecom, Industrial, Power, Solar, Wind)-Forecast(2015-2020) , 2015 
[4] Yole Développement, Status of Power Electronics Industry, 2015 
[5] Bolliger, Bruce, Felix Ejeckam, Daniel Francis, Firooz Faili, Frank Lowe, 
and Daniel Twitchen. "GaN-on-Diamond Wafers: A Tutorial." GaN (2014). 
[6] Okumura, Hajime. "Present status and future prospect of widegap 
semiconductor high-power devices." Japanese journal of applied physics 45, 
no. 10R (2006): 7565. 
[7] Kemerley, Robert Tim, Bruce H. Wallace, and Max N. Yoder. "Impact of 
wide bandgap microwave devices on DoD systems." Proceedings of the 
IEEE 90, no. 6 (2002): 1059-1064. 
[8] Trew, R. J. "SiC and GaN transistors – Is there one winner for microwave 
power applications?." Proceedings of the IEEE 90, no. 6 (2002): 1032-1047. 
[9] Daumiller, I., C. Kirchner, M. Kamp, K. J. Ebeling, and E. Kohn. 
"Evaluation of the temperature stability of AlGaN/GaN heterostructure 
FETs." Electron Device Letters, IEEE 20, no. 9 (1999): 448-450. 
[10] Fontsere, A., V. Banu, P. Godignon, J. Millán, H. De Vleeschouwer, J. M. 
Parsey, and P. Moens. "A HfO2 based 800V/300°C Au-free AlGaN/GaN-on-
Si HEMT technology." In Power Semiconductor Devices and ICs (ISPSD), 
2012 24th International Symposium on, pp. 37-40. IEEE, 2012. 
124 
 
[11] Ambacher, O., J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, 
W. J. Schaff et al. "Two-dimensional electron gases induced by spontaneous 
and piezoelectric polarization charges in N-and Ga-face AlGaN/GaN 
heterostructures." Journal of Applied Physics 85, no. 6 (1999): 3222. 
[12] Cao, Yu, and Debdeep Jena. "High-mobility window for two-dimensional 
electron gases at ultrathin AlN/GaN heterojunctions." Applied physics 
letters90, no. 18 (2007): 182112-182112. 
[13] Taking, Sanna, Douglas MacFarlane, and Edward Wasige. "AlN/GaN MOS-
HEMTs with thermally grown Al2O3 passivation." Electron Devices, IEEE 
Transactions on 58, no. 5 (2011): 1418-1424. 
[14] Yu, E. T., X. Z. Dang, L. S. Yu, D. Qiao, P. M. Asbeck, S. S. Lau, G. J. 
Sullivan, K. S. Boutros, and J. M. Redwing. "Schottky barrier engineering in 
III–V nitrides via the piezoelectric effect." Applied physics letters 73, no. 13 
(1998): 1880. 
[15] Miller, E. J., X. Z. Dang, and E. T. Yu. "Gate leakage current mechanisms in 
AlGaN/GaN heterostructure field-effect transistors." Journal of applied 
Physics 88, no. 10 (2000): 5951-5958. 
[16] Lidow, Alex. "Is it the End of the Road for Silicon in Power Conversion?." In 
Integrated Power Electronics Systems (CIPS), 2010 6th International 
Conference on, pp. 1-8. IEEE, 2010. 
[17] Mishra, Umesh K. "AlGaN/GaN transistors for power electronics." In 2010 
International Electron Devices Meeting. 2010. 
[18] Morkoç, Hadis. "Handbook of nitride semiconductors and devices. Vol. 
1."ISBN-13 (2008): 978-3527408399. 
[19] Trampert, A., O. Brandt, and K. H. Ploog. "Crystal structure of group III 
nitrides." Semiconductors and Semimetals 50 (1997): 167-192. 
[20] Bernardini, Fabio, Vincenzo Fiorentini, and David Vanderbilt. "Spontaneous 
polarization and piezoelectric constants of III-V nitrides." Physical Review 
B56, no. 16 (1997): R10024. 
125 
 
[21] Rajan, Siddharth, Alessandro Chini, Man Hoi Wong, James S. Speck, and 
Umesh K. Mishra. "N-polar GaN∕AlGaN∕GaN high electron mobility 
transistors." Journal of Applied Physics 102, no. 4 (2007): 044501. 
[22] Ambacher, O., B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. 
Murphy et al. "Two dimensional electron gases induced by spontaneous and 
piezoelectric polarization in undoped and doped AlGaN/GaN 
heterostructures." Journal of applied physics 87, no. 1 (2000): 334-344. 
[23] Ibbetson, J. P., P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck, and U. K. 
Mishra. "Polarization effects, surface states, and the source of electrons in 
AlGaN/GaN heterostructure field effect transistors." Applied Physics 
Letters77, no. 2 (2000): 250-252. 
[24] Smorchkova, I. P., C. R. Elsass, J. P. Ibbetson, R. Vetury, B. Heying, P. Fini, 
E. Haus, S. P. DenBaars, J. S. Speck, and U. K. Mishra. "Polarization-
induced charge and electron mobility in AlGaN/GaN heterostructures grown 
by plasma-assisted molecular-beam epitaxy." Journal of Applied Physics 86, 
no. 8 (1999): 4520-4526. 
[25] Brown, Rebecca, Douglas Macfarlane, Abdullah Al-Khalidi, Xu Li, Gary 
Ternent, Haiping Zhou, Iain Thayne, and Edward Wasige. "A Sub-Critical 
Barrier Thickness Normally-Off AlGaN/GaN MOS-HEMT." Electron 
Device Letters, IEEE 35, no. 9 (2014): 906-908. 
[26] Van Daele, B., G. Van Tendeloo, W. Ruythooren, J. Derluyn, M. R. Leys, 
and M. Germain. "The role of Al on Ohmic contact formation on n-type GaN 
and AlGaN/GaN." Applied Physics Letters 87, no. 6 (2005): 061905. 
[27] Jacobs, B., M. C. J. C. M. Kramer, E. J. Geluk, and F. Karouta. 
"Optimisation of the Ti/Al/Ni/Au ohmic contact on AlGaN/GaN FET 
structures." Journal of Crystal Growth 241, no. 1 (2002): 15-18. 
[28] Bouzid-Driad, S., Hassan Maher, M. Renvoise, P. Frijlink, M. Rocchi, 
Nicolas Defrance, Virginie Hoel, and J. C. De Jaeger. "Optimization of 
AlGaN/GaN HEMT Schottky contact for microwave applications." 
126 
 
In Microwave Integrated Circuits Conference (EuMIC), 2012 7th European, 
pp. 119-122. IEEE, 2012. 
[29] Markoç, H. "Handbook of Nitride Semiconductors and Devices. Vol. 3." 
(2009). 
[30] Ying-Xia, Yu, Lin Zhao-Jun, Luan Chong-Biao, Wang Yu-Tang, Chen 
Hong, and Wang Zhan-Guo. "Electron mobility in the linear region of an 
AlGaN/AlN/GaN heterostructure field-effect transistor." Chinese Physics 
B 22, no. 6 (2013): 067203. 
[31] Pierret, Robert F. Semiconductor device fundamentals. Reading, MA: 
Addison-Wesley, 1996. 
[32] Germain, Marianne, Maarten Leys, Steven Boeykens, Stefan Degroote, 
Wenfei Wang, Dominique Schreurs, Wouter Ruythooren et al. "High electron 
mobility in AlGaN/GaN HEMT grown on sapphire: strain modification by 
means of AlN interlayers." In MRS Proceedings, vol. 798, pp. Y10-22. 
Cambridge University Press, 2003. 
[33] Vetury, Ramakrishna, Naiqain Q. Zhang, Stacia Keller, and Umesh K. 
Mishra. "The impact of surface states on the DC and RF characteristics of 
AlGaN/GaN HFETs." Electron Devices, IEEE Transactions on 48, no. 3 
(2001): 560-566. 
[34] Eastman, L. F. "Results, Potential and Challenges of High Power GaN‐Based 
Transistors." physica status solidi (a) 176, no. 1 (1999): 175-178. 
[35] Tirado, J. M., J. L. Sanchez-Rojas, and J. I. Izpura. "Simulation of surface 
state effects in the transient response of AlGaN/GaN HEMT and GaN 
MESFET devices." Semiconductor science and technology 21, no. 8 (2006): 
1150. 
[36] Ellrodt, P., W. Brockerhoff, and F. J. Tegude. "Investigation of leakage 
current behaviour of Schottky gates on InAlAs/InGaAs/InP HFET structures 
by a 1D model." Solid-State Electronics 38, no. 10 (1995): 1775-1780. 
127 
 
[37] Pipinys, P., and V. Lapeika. "Temperature dependence of reverse-bias 
leakage current in GaN Schottky diodes as a consequence of phonon-assisted 
tunneling." Journal of applied physics 99, no. 9 (2006): 3709. 
[38] Takamiya, Saburo, Masaya Harayama, Tomoyuki Sugimura, Tatsutoshi 
Tsuzuku, Takanobu Taya, Kouichi Iiyama, and Shoushin Hashimoto. 
"Reverse currents of Schottky gates of III–V MESFET/HEMTS: Field 
emission and tunnel currents." Solid-State Electronics 42, no. 3 (1998): 447-
451. 
[39] Miller, E. J., E. T. Yu, P. Waltereit, and J. S. Speck. "Analysis of reverse-bias 
leakage current mechanisms in GaN grown by molecular-beam 
epitaxy."Applied physics letters 84, no. 4 (2004): 535-537. 
[40] Kuroda, Masayuki, Tomohiro Murata, Satoshi Nakazawa, Toshiyuki 
Takizawa, Masaaki Nishijima, Manabu Yanagihara, Tetsuzo Ueda, and 
Tsuyoshi Tanaka. "High fmax with high breakdown voltage in AlGaN/GaN 
MIS-HFETs using In-Situ SiN as gate insulators." In Compound 
Semiconductor Integrated Circuits Symposium, 2008. CSIC'08. IEEE, pp. 1-
4. IEEE, 2008. 
[41] Kirkpatrick, Casey J., Bongmook Lee, Rahul Suri, Xiangyu Yang, and Veena 
Misra. "Atomic Layer Deposition of SiO2 for AlGaN/GaN MOS-
HFETs." Electron Device Letters, IEEE 33, no. 9 (2012): 1240-1242. 
[42] Tan, W. S., P. A. Houston, P. J. Parbrook, D. A. Wood, G. Hill, and C. R. 
Whitehouse. "Gate leakage effects and breakdown voltage in metalorganic 
vapor phase epitaxy AlGaN/GaN heterostructure field-effect 
transistors."Applied physics letters 80, no. 17 (2002): 3207-3209. 
[43] Nakao, Takeshi, Yutaka Ohno, Shigeru Kishimoto, Koichi Maezawa, and 
Takashi Mizutani. "Study on off‐state breakdown in AlGaN/GaN 
HEMTs."physica status solidi (c) 7 (2003): 2335-2338. 
[44] Somerville, Mark H., and Jess A. Del Alamo. "A model for tunneling-limited 
breakdown in high-power HEMTs." In Electron Devices Meeting, 1996. 
IEDM'96., International, pp. 35-38. IEEE, 1996 
128 
 
[45] Selvaraj, Susai Lawrence, Takaaki Suzue, and Takashi Egawa. "Breakdown 
enhancement of AlGaN/GaN HEMTs on 4-in silicon by improving the GaN 
quality on thick buffer layers." Electron Device Letters, IEEE 30, no. 6 
(2009): 587-589. 
[46] Faqir, Mustapha, Giovanni Verzellesi, Gaudenzio Meneghesso, Enrico 
Zanoni, and Fausto Fantini. "Investigation of high-electric-field degradation 
effects in AlGaN/GaN HEMTs." Electron Devices, IEEE Transactions on 55, 
no. 7 (2008): 1592-1602. 
[47] Joh, Jungwoo, Ling Xia, and Jesús del Alamo. "Gate current degradation 
mechanisms of GaN high electron mobility transistors." In Electron Devices 
Meeting, 2007. IEDM 2007. IEEE International, pp. 385-388. IEEE, 2007. 
[48] Faqir, Mustapha, Giovanni Verzellesi, Alessandro Chini, Fausto Fantini, 
Francesca Danesin, Gaudenzio Meneghesso, Enrico Zanoni, and Christian 
Dua. "Mechanisms of RF current collapse in AlGaN–GaN high electron 
mobility transistors." Device and Materials Reliability, IEEE Transactions 
on 8, no. 2 (2008): 240-247. 
[49] Kim, Hyeongnam, Jaesun Lee, Dongmin Liu, and Wu Lu. "Gate current 
leakage and breakdown mechanism in unpassivated AlGaN/GaN high 
electron mobility transistors by post-gate annealing." Applied Physics 
Letters 86, no. 14 (2005): 3505. 
[50] Ohno, Yutaka, Takeshi Nakao, Shigeru Kishimoto, Koichi Maezawa, and 
Takashi Mizutani. "Effects of surface passivation on breakdown of 
AlGaN/GaN high-electron-mobility transistors." Applied physics letters 84, 
no. 12 (2004): 2184-2186. 
[51] Wang, Maojun, and Kevin J. Chen. "Off-state breakdown characterization in 
AlGaN/GaN HEMT using drain injection technique."  IEEE transactions 
on electron devices 57, no. 7 (2010): 1492-1496. 
[52] Dang, X. Z., R. J. Welty, D. Qiao, P. M. Asbeck, S. S. Lau, E. T. Yu, K. S. 
Boutros, and J. M. Redwing. "Fabrication and characterisation of enhanced 
barrier AlGaN/GaN HFET." Electronics Letters 35, no. 7 (1999): 602-603. 
129 
 
[53] Zhang, N-Q., B. Moran, S. P. DenBaars, U. K. Mishra, X. W. Wang, and T. 
P. Ma. "Effects of surface traps on breakdown voltage and switching speed of 
GaN power switching HEMTs." In Electron Devices Meeting, 2001. 
IEDM'01. Technical Digest. International, pp. 25-5. IEEE, 2001. 
[54] Quay, Rüdiger. Gallium nitride electronics. Vol. 96. Springer Science & 
Business Media, 2008. 
[55] Jean-Jacques DeLisle. "Diamonds are a GaN PA’s Best Friend." Microwaves 
and RF, May, 2015. 
[56] Nakamura, Shigenari, and Michael R. Krames. "History of gallium–nitride-
based light-emitting diodes for illumination." Proceedings of the IEEE 101, 
no. 10 (2013): 2211-2220. 
[57] Chou, Y. C., D. Leung, I. Smorchkova, M. Wojtowicz, R. Grundbacher, L. 
Callejo, Q. Kan et al. "Degradation of AlGaN/GaN HEMTs under elevated 
temperature lifetesting." Microelectronics Reliability 44, no. 7 (2004): 1033-
1038. 
[58] Alomari, Mohammad, A. Dussaigne, Daniel Martin, Nicolas Grandjean, 
Christopher Gaquière, and Erhard Kohn. "AlGaN/GaN HEMT on (111) 
single crystalline diamond." Electronics letters 46, no. 4 (2010): 299-301. 
[59] Francis, D., F. Faili, D. Babić, F. Ejeckam, A. Nurmikko, and H. Maris. 
"Formation and characterization of 4-inch GaN-on-diamond 
substrates."Diamond and Related Materials 19, no. 2 (2010): 229-233. 
[60] Altman, David, Matthew Tyhach, James McClymonds, Sungho Kim, Samual 
Graham, Jeon-Wook Cho, Kenneth Goodson et al. "Analysis and 
characterization of thermal transport in GaN HEMTs on Diamond 
substrates." IEEE Intersociety Conference on Thermal and 
Thermomechanical Phenomena in Electronic Systems (ITherm), pp. 1199-
1205. IEEE, 2014. 
[61] Cho, Jungwan, Zijian Li, Elah Bozorg-Grayeli, Tomoya Kodama, Daniel 
Francis, Felix Ejeckam, Firooz Faili, Mehdi Asheghi, and Kenneth E. 
Goodson. "Improved thermal interfaces of GaN–diamond composite 
130 
 
substrates for HEMT applications."  IEEE Transactions on Components, 
Packaging and Manufacturing Technology 3, no. 1 (2013): 79-85. 
[62] Hirama, Kazuyuki, Yoshitaka Taniyasu, and Makoto Kasu. "AlGaN/GaN 
high-electron mobility transistors with low thermal resistance grown on 
single-crystal diamond (111) substrates by metalorganic vapor-phase 
epitaxy." Applied Physics Letters 98, no. 16 (2011): 162112. 
[63] Atlas, Device Simulator. "Atlas user’s manual." Silvaco International 
Software, Santa Clara, CA, USA (2014). 
[64] Karmalkar, Shreepad, and Umesh K. Mishra. "Enhancement of breakdown 
voltage in AlGaN/GaN high electron mobility transistors using a field plate." 
IEEE Transactions on electron devices 48, no. 8 (2001): 1515-1521. 
[65] Zhang, Naiqian. "High voltage GaN HEMTs with low on-resistance for 
switching applications." PhD diss., UNIVERSITY of CALIFORNIA Santa 
Barbara, 2002. 
[66] Huang, Weixiao. High-voltage lateral MOS-gated FETs in gallium nitride. 
ProQuest, 2008. 
[67] Stocker, D. A., E. F. Schubert, and J. M. Redwing. "Crystallographic wet 
chemical etching of GaN." Applied Physics Letters 73, no. 18 (1998): 2654. 
[68] Karouta, Fouad, Mark Krämer, J. J. Kwaspen, Andrzej Grzegorczyk, Paul 
Hageman, Bram Hoex, W. M. Kessels, Johan Klootwijk, Eugène Timmering, 
and Meint Smit. "Influence of the structural and compositional properties of 
PECVD silicon nitride as a passivation layer for AlGaN HEMTs." ECS 
Transactions 16, no. 7 (2008): 181-191. 
[69] Raj, Balwant, and Sukhleen Bindra. "Thermal Analysis of AlGaN/GaN 
HEMT: Measurement and Analytical Modeling Techniques." Int. J. Comput. 
Appl 75 (2013): 4-13. 
[70] Tanaka, Kenichiro, Masahiro Ishida, Tetsuzo Ueda, and Tsuyoshi Tanaka. 
"Effects of deep trapping states at high temperatures on transient 
131 
 
performance of AlGaN/GaN heterostructure field-effect 
transistors." Japanese Journal of Applied Physics 52, no. 4S (2013): 04CF07. 
[71] Lin, Yu-Syuan, Jia-Yi Wu, Chih-Yuan Chan, Shawn SH Hsu, Chih-Fang 
Huang, and Ting-Chi Lee. "Square-gate AlGaN/GaN HEMTs with improved 
trap-related characteristics." Electron Devices, IEEE Transactions on 56, no. 
12 (2009): 3207-3211. 
[72] Zhang, Naiqian, Vivek Mehrotra, Sriram Chandrasekaran, Brendan Moran, 
Likun Shen, Umesh Mishra, Edward Etzkorn, and David Clarke. "Large area 
GaN HEMT power devices for power electronic applications: switching and 
temperature characteristics." In Power Electronics Specialist Conference, 
2003. PESC'03. 2003 IEEE 34th Annual, vol. 1, pp. 233-237. IEEE, 2003. 
[73] Mazumder, S. K., T. Sarkar, M. Dutta, and M. S. Mazzola. "Photoconductive 
devices in power electronics." Electrical Engineering Handbook, third ed., 
Taylor & Francis, London (2006): 9-42. 
[74] Mazumder, Sudip K., and Tirthajyoti Sarkar. "Optically activated gate 
control for power electronics." Power Electronics, IEEE Transactions on 26, 
no. 10 (2011): 2863-2886. 
[75] Bose, Srikanta, and Sudip K. Mazumder. "Atomistic and electrical 
simulations of a GaN–AlN–(4H) SiC heterostructure optically-triggered 
vertical power semiconductor device." Solid-State Electronics 62, no. 1 
(2011): 5-13. 
[76] Adachi, Sadao. Optical constants of crystalline and amorphous 
semiconductors: numerical data and graphical information. Springer Science 
& Business Media, 1999. 
[77] Bhattacharya, Pallab. Semiconductor optoelectronic devices. Prentice-Hall, 
Inc., 1994. 
[78] Mohan, Ned, and Tore M. Undeland. Power electronics: converters, 
applications, and design. John Wiley & Sons, 2007. 
132 
 
[79] Schoenbach, K. H., V. K. Lakdawala, R. Germer, and S. T. Ko. "An optically 
controlled closing and opening semiconductor switch." Journal of applied 
physics 63, no. 7 (1988): 2460-2463. 
[80] Germer, Rudolf KF, Karl H. Schoenbach, and Steven GE Pronko. "A bulk 
optically controlled semiconductor switch." Journal of applied physics 64, 
no. 2 (1988): 913-917. 
[81] Kobayashi, S., T. Takahashi, S. Tanabe, T. Yoshino, T. Horiuchi, and T. 
Senda. "Performance of High Voltage Light-Triggered Thyristor 
Valve." Power Apparatus and Systems, IEEE Transactions on 8 (1983): 
2784-2792. 
[82] Niedernostheide, F-J., H-J. Schulze, J. Dorn, U. Kellner-Werdehausen, and 
D. Westerholt. "Light-triggered thyristors with integrated protection 
functions." InISPO'2000: international symposium on power semiconductor 
devices and IC's, pp. 267-270. 2000. 
[83] Rosen, Arye, and Fred J. Zutavern. High-power optically activated solid-
state switches. Artech House, 1993. 
[84] Lis, Robert J., Jian H. Zhao, Long D. Zhu, J. Illan, Sigrid McAfee, Terence 
Burke, Maurice Weiner, Walter R. Buchwald, and Kenneth Jones. "An LPE 
grown InP based optothyristor for power switching applications." Electron 
Devices, IEEE Transactions on 41, no. 5 (1994): 809-813. 
[85] Zhao, Jian H., Terence Burke, Dana Larson, Maurice Weiner, Albert Chin, 
James M. Ballingall, and Tan-hau Yu. "Sensitive optical gating of reverse-
biased AlGaAs/GaAs optothyristors for pulsed power switching 
applications."Electron Devices, IEEE Transactions on 40, no. 4 (1993): 817-
823. 
[86] Hur, J. H., P. Hadizad, S. R. Hummel, P. Dapkus, H. R. Fetterman, and M. 
Gundersen. "GaAs opto-thyristor for pulsed power applications." In Power 
Modulator Symposium, 1990., IEEE Conference Record of the 1990 
Nineteenth, pp. 325-329. IEEE, 1990. 
133 
 
[87] Madheswaran, M., and P. Chakrabarti. "Intensity modulated photoeffects in 
InP-MIS capacitors." In Optoelectronics, IEE Proceedings-, vol. 143, no. 4, 
pp. 248-251. IET, 1996. 
[88] Yamagata, Tomonari, and Kazuhiko Shimomura. "High responsivity in 
integrated optically controlled metal-oxide semiconductor field-effect 
transistor using directly bonded SiO 2-InP." Photonics Technology Letters, 
IEEE 9, no. 8 (1997): 1143-1145. 
[89] Sarkar, Tirthajyoti, and Sudip K. Mazumder. "Amplitude, pulse-width, and 
wavelength modulation strategies for an optically-controlled power 
DMOSFET." In Power Electronics Specialists Conference, 2004. PESC 04. 
2004 IEEE 35th Annual, vol. 4, pp. 3004-3008. IEEE, 2004. 
[90] Liao, Tsai-Sheng, Paul Yu, and Oved Zucker. "Analysis of high pulse power 
generation using novel excitation of IGBT." In Solid-State and Integrated-
Circuit Technology, 2001. Proceedings. 6th International Conference on, 
vol. 1, pp. 143-148. IEEE, 2001. 
[91] Mazumder, Sudip K., and Tirthajyoti Sarkar. "Device technologies for 
photonically-switched power-electronic systems." In 2005 IEEE Pulsed 
Power Conference. 2005. 
[92] http://www.ioffe.ru/SVA/NSM/Semicond. 
[93] Mazumder, Sudip K. "Photonic power electronics: Past, present, and future." 
InApplied Power Electronics Conference and Exposition (APEC), 2015 
IEEE, pp. 1241-1249. IEEE, 2015. 
[94] Sarkar, Tirthajyoti. Optical intensity modulated gate control of power-
electronic system performance parameters. University of Illinois at Chicago, 
2009. 
[95] Sze, Simon M., and Kwok K. Ng. Physics of semiconductor devices. John 
Wiley & Sons, 2006. 
134 
 
[96] Baltynov, T., and EM Sankara Narayanan. "Simulation Study of 
AlGaN/GaN-based Optically-controlled Power Transistor." in Proc. ISPS, 
Prague, Czech Republic, 2014. 
[97] Unni, V., Hong Long, Mark Sweet, A. Balachandran, E. M. S. Narayanan, 
Akitoshi Nakajima, and Hiroyuki Kawai. "2.4 kV GaN Polarization 
Superjunction Schottky Barrier Diodes on semi-insulating 6H-SiC substrate." 
In Power Semiconductor Devices & IC's (ISPSD), 2014 IEEE 26th 
International Symposium on, pp. 245-248. IEEE, 2014. 
[98] Bahat-Treidel, M. Sc Eng Eldad. "GaN-Based HEMTs for High Voltage 
Operation." (2012). 
[99] McCarthy, L. S., N. Q. Zhang, H. Xing, B. Moran, S. DenBaars, and U. K. 
Mishra. "High Voltage AlGaN/GaN Heterojunction Transistors." 
International Journal of High Speed Electronics and Systems 14, no. 01 
(2004): 225-243. 
[100] Neudeck, Gerold W., and Robert F. Pierret. "Introduction to Microelectronic 
Fabrication." Modular Series on Solid State Devices 5 (2002). 
[101] Seok, Ogyun, Woojin Ahn, Min-Koo Han, and Min-Woo Ha. "High on/off 
current ratio AlGaN/GaN MOS-HEMTs employing RF-sputtered HfO2 gate 
insulators."Semiconductor Science and Technology 28, no. 2 (2013): 025001. 
[102] Ťapajna, M., S. W. Kaun, M. H. Wong, F. Gao, T. Palacios, U. K. Mishra, J. 
S. Speck, and M. Kuball. "Influence of threading dislocation density on early 
degradation in AlGaN/GaN high electron mobility transistors." Applied 
Physics Letters 99, no. 22 (2011): 223501. 
[103] Saito, Wataru, Masahiko Kuraguchi, Yoshiharu Takada, Kunio Tsuda, 
Tomokazu Domon, Ichiro Omura, and Masakazu Yamaguchi. "380v/1.9 A 
GaN power-HEMT: current collapse phenomena under high applied voltage 
and demonstration of 27.1 MHz class-E amplifier." In Electron Devices 
Meeting, 2005. IEDM Technical Digest. IEEE International, pp. 586-589. 
IEEE, 2005. 
135 
 
[104] Felbinger, Jonathan G., M. V. S. Chandra, Yunju Sun, Lester F. Eastman, 
John Wasserbauer, Firooz Faili, Dubravko Babic, Daniel Francis, and Felix 
Ejeckam. "Comparison of GaN HEMTs on Diamond and SiC 
substrates." Electron Device Letters, IEEE 28, no. 11 (2007): 948-950. 
[105] Pomeroy, J., Mirko Bernardoni, Andrei Sarua, A. Manoi, D. C. Dumka, D. 
M. Fanning, and M. Kuball. "Achieving the Best Thermal Performance for 
GaN-on-Diamond." In Compound Semiconductor Integrated Circuit 
Symposium (CSICS), 2013 IEEE, pp. 1-4. IEEE, 2013. 
[106] Dumka, D. C., T. M. Chou, F. Faili, D. Francis, and F. Ejeckam. 
"AlGaN/GaN HEMTs on Diamond substrate with over 7W/mm output power 
density at 10 GHz." Electronics Letters 49, no. 20 (2013): 1298-1299. 
[107] Element Six. GaN-on-Diamond Heat Spreader. [ONLINE] Available at: 
http://www.e6.com/wps/wcm/connect/E6_Content_EN/Home/Applications/E
lectronics/Thermal/GaN-on-Diamond/. [Accessed 26 October 15]. 
[108] Bandelow, U. "Optoelectronic Devices—Advanced Simulation and Analysis 
ed J Piprek.", 2005. 
[109] Reeves, G. K., and H. B. Harrison. "Obtaining the specific contact resistance 
from transmission line model measurements." Electron Device Letters, 
IEEE 3, no. 5 (1982): 111-113. 
[110] Zhang, N-Q., S. Keller, G. Parish, S. Heikman, S. P. DenBaars, and U. K. 
Mishra. "High breakdown GaN HEMT with overlapping gate 
structure."Electron Device Letters, IEEE 21, no. 9 (2000): 421-423. 
[111] Baltynov, T., Unni, V., and EM Sankara Narayanan. "The World’s First High 
Voltage GaN-on-Diamond Power Devices." in Proc. ESSDERC, Graz, 
Austria, 2015. 
[112] Kolar, Johann W., Uwe Drofenik, Juergen Biela, Marcello L. Heldwein, 
Hans Ertl, Thomas Friedli, and Simon D. Round. "PWM Converter Power 
Density Barriers." In Power Conversion Conference-Nagoya, 2007. PCC'07, 
pp. P-9. IEEE, 2007. 
136 
 
[113] Blevins, J. D., G. D. Via, K. Sutherlin, S. Tetlak, B. Poling, R. Gilbert, B. 
Moore et al. "Recent progress in GaN-on-Diamond device technology." In 
Proc. CS MANTECH Conf, pp. 105-108. 2014. 
[114] Ardali, S., G. Atmaca, S. B. Lisesivdin, T. Malin, V. Mansurov, K. 
Zhuravlev, and E. Tiras. "The variation of temperature‐dependent carrier 
concentration and mobility in AlGaN/AlN/GaN heterostructure with SiN 
passivation." physica status solidi (b) 252, no. 9 (2015): 1960-1965. 
[115] Baltynov, T., and EM Sankara Narayanan. "Simulation Study of 
AlGaN/GaN-based Optically-controlled Power Transistor." in Proc. ISPS, 
Prague, Czech Republic, 2014. 
[116] Mishra, Umesh K., Likun Shen, Thomas E. Kazior, and Yi-Feng Wu. "GaN-
based RF power devices and amplifiers." Proceedings of the IEEE 96, no. 2 
(2008): 287-305. 
[117] Amano, Hi, N. Sawaki, I. Akasaki, and Y. Toyoda. "Metalorganic vapor 
phase epitaxial growth of a high quality GaN film using an AlN buffer layer." 
Applied Physics Letters 48, no. 5 (1986): 353-355. 
[118] Lin, C. F., H. C. Cheng, J. A. Huang, M. S. Feng, J. D. Guo, and G. C. Chi. 
"Mobility enhancements in AlGaN/GaN/SiC with stair-step and graded 
heterostructures." Applied physics letters 70 (1997): 2583-2585. 
[119] Bhushan, Bharat, Dan Luo, Scott R. Schricker, Wolfgang Sigmund, and 
Stefan Zauscher, eds. Handbook of nanomaterials properties. Springer 
Science & Business Media, 2014. 
[120] Lee, Jung-Hoon, Woo-Jin Lee, Sung-Hoon Lee, Seong Min Kim, Sungjin 
Kim, and Hyun Myung Jang. "Atomic-scale origin of piezoelectricity in 
wurtzite ZnO." Physical Chemistry Chemical Physics 17, no. 12 (2015): 
7857-7863. 
[121] Kukushkin, S. A., A. V. Osipov, V. N. Bessolov, B. K. Medvedev, V. K. 
Nevolin, and K. A. Tcarik. "Substrates for epitaxy of gallium nitride: new 
materials and techniques." Rev. Adv. Mater. Sci 17, no. 1/2 (2008): 1-32. 
137 
 
[122] Webster, R. F., D. Cherns, M. Kuball, Q. Jiang, and D. Allsopp. "Electron 
microscopy of gallium nitride growth on polycrystalline diamond." 
Semiconductor Science and Technology 30, no. 11 (2015): 114007. 
[123] Pearton, Stephen J., ed. GaN and related materials. Vol. 2. CRC Press, 1997. 
[124] Benford, James, John A. Swegle, and Edl Schamiloglu. High power 
microwaves. CRC Press, 2015. 
[125] Chen, Yingda, Hualong Wu, Guanglong Yue, Zimin Chen, Zhiyuan Zheng, 
Zhisheng Wu, Gang Wang, and Hao Jiang. "Analysis on the enhanced hole 
concentration in p‐type GaN grown by indium‐surfactant‐assisted Mg delta 
doping." physica status solidi (b) 252, no. 5 (2015): 1109-1115. 
